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Due to interaction with the vacuum of the radiation field, near-degenerate lower levels system have
an additional coherence term, the spontaneously generated coherence term. In this paper, we investigate effects
of spontaneouly generated coherence on inversionless gain in the presence of a weak probe, a strong coherent
field, and an incoherent pump. We find that the inversionless gain stems from both spontaneously generated
coherence and dynamically induced coherence, but the former contributes more to the inversionless gain. In
particular, we can modulate the inversionless gain just by changing the relative phase between the two fields.
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I. INTRODUCTION process is used to pump /A& system with near-degenerate
levels, the inversionless gain also can be related to the rela-
Now it is well understood how the decay of a system withtive phase beween the probe and the coherent field. In Ref.
closely lying states induced by interaction with a common[8], in order to keep the SGC effect notable, both applied
bath leads to new types of coheren¢&s 8. These coher- coherent fields have to be strong enough. While in our paper,
ences modify, among other things, line shapes of spontanéllie to the existence of the incoherent pump, even if the
ous emission. Systems with near-degenerate levels have beBfpbe is very weak, the SGC effect could be remarkable.
subject of recent studies in connection with the production of This paper is organized as follows: in Sec. I, we intro-
quantum beats and probe absorpti8a5]. For aA system duce_ theA system u_nder _study, and get theT c_orrespondlng
with near-degenerate levels, Javanaii@h discussed the density-matrix equations; in Sec. lll, in the limit of a weak

possibility of spontaneously generated coherel@8Q ef- probe, we derive the probe gain coefficient; in Sec. IV, we

fect. In particular, he examined the response of this system tlgvestlgate the deper!dence of the _probe gain on the relat|v?
: ) . . hase between two fields by showing a few graphic results;
an external field coupling two transitions simultaneously, an

demonstrated that the SGC effect result in the disappearan%%pseerc' V. we give a brief summary of the results of this

of the dark state. For the same system, Menon and Agar-
wal [8] investigated its response to two external fields of
arbitary intensity. They found that such coherence brings !l THE SYSTEM AND DENSITY-MATRIX EQUATIONS

about quantitative changes in line profiles of absorption and \ye consider aA-type three-level systentsee Fig. 1

dispersion, and leads to the dependence of line shapes on thgen by a strong coherent field with amplitufeequency

relative phase of applied fields. The existence of the SG »c(wc) and an incoherent pump process represented by a

effect depends on the nonorthogonality of dipole matrix ele'rate 2A. A weak coherent field with amplitudérequency

ments[7,8]. In other words, if dipole matrix elements are - . . .
orthogonal, the SGC effect will disappear. Ep(wp) is used to probe the gain on transitigh)«|3).

It is also well known that strong coherent fields can leadSince dipole moments;, andd;3 are not orthogonal, which
to another kind of coherence, the dynamically induced cols necessary for the existence of the SGC effect, we have to
herence, which is related to light amplificatidiasing with- ~ consider an arrangement where each field acts only on one
out population inversiofLWI) as well as many other optical transition. This can be achieved by considering the case
phenomena in quantum optics. In the past decade, it has beRown in Fig. 1, where the probe and the coherent field acts
shown that, in cases where it is difficult or even impossibleon transitiong1)«|3) and|1)«|2), respectively.6 repre-
to create the required population inversion for conventionabents the angle between the two induced dipole moments.
laser by incoherent pumping, LWI provides us an importan2y1 and 2y, are the spontaneous emission rates from level
and interesting alternative. And it has been identified that thél) to levels|3) and|2), respectively.
origin of the inversionless gain can be attributed to either In the interaction picture, the semiclassical interaction
inversion between dressed states or coherence among thedamiltonian of thisA system in a rotating-wave frame can
stated9,10]. Until now, a variety of schemes have been stud-be written as
ied either theoretically or experimentally to realize LWI

[9-19. But as we know, in all these schemes, the inversion- Hi=Ap|1)(1]+(Ap—AQ)]2)(2[ —[G¢[1)(2]
less gain cannot be adjusted by phases of applied coherent
fields, though it is related to amplitudés Rabi frequencies +Gp|1)(3|+c.c]. Y

and carrier frequencie®r detunings of these fields. How-
ever, in this paper, we will show that, when an incoherent Then by using the Weisskopf-Wigner theory of spontane-
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that only for small energy spacing between the two lower
levels is the SGC effect remarkable; as for large energy spac-
ing, the rapid oscillation ip,; will average out such effect

[8].

Ill. THE ANALYTICAL SOLUTIONS

Usual systems with well seperated levels only depend on
amplitudes and detunings of applied fields but not on their
12) phases, so Rabi frequencies can be treated as real parameters.
13) However, due to the existence of the SGC effect, i.e., the
' existence of 2/y,7y, c0Sép;1, this A system becomes quite
sensitive to phases of the probe and the coherent field, thus
we have to treat Rabi frequencies as complex parameters. If
we defineg, and ¢ as phases of the probe and the coherent
field, then we geG,=g,e'%r and G.=g.e'’c. Redefining
atomic variables in Eq(2) as pii=pii, p1o=pi€ %, pis
=p1'?r, and p,3=pae'®, where® = ¢,— ., we obtain
equations for the redefined density-matrix eIemeBtp
FIG. 1. Schematic diagram of a three-levelsystem driven by ~ Which are found to be identical to E¢2) except thaty is
a strong coherent field, a weak coherent field, and an incoherefgplaced byznq = 779@: G, is replaced byg,, andG, is
pump. The field polarizations are chosen so that one field drive§eplaced by g.. In the following, we define p
only one transition. =247172C0s674, and trealg, andg. as real parameters.
Under the steady-state condition, in the limit of a weak
ous emissior20], we get the density-matrix equations in the probe, solutions fop;; to the zero order ofy,, but to all
rotating-wave approximation and the dipole approximationgrders ofg., are given as follows:

as follows: )
. - . ~(0)_A(71+72)gc 3
p22=272p11+1G p12—iGcpar, pir="p @)
p3a=271p11~ 2ApsatiGy p1s—iGppar, g A Y202+ Ayol (y1+ y2)2+AZ)
22 D ’

p12=—(y1t v2+ti1Ac)p1otiGpps—iGe(p11— p22)s
2
~0y_ (71t 72)9c

p1a=—(y1+ y2+ A+ 1Ap)p13Ti1Gp23—iGp(p11—p33), P p
023= — (A +iA —iAg)prgt 2\y1y,C0SOmp+iGE L
p23=—( p c)P23 Y172 P11 c P13 ~0_ YoAGe(Ac+iy+iyy)
- iGpp21. (2) 12 D '
The above equations are constrainedphy= p}*i and P11 ~0)_ ipgcﬁ(l‘)l)
+p22+p33:l. HereAC:(x)lz_ We andAp=w13— (l)p dESIg- pls_('}/1+')/2+A)(A_|AC)+gg,

nate the detuning of the probe and the coherent field, respec-
:ir\]/ely. GC=I_6|12. Eczgg_sinta an_deztgls- ipzb'Gngin g are. ~0 P(y1+y,+A)p{?

e coupling coefficients, i.e., the Rabi frequencies. 23= . 2
2\ y17y, COSOnp14 represents the quantum interference effect (vat 72t M(A=TAc) +0
rgsulting from the cross coupling between spontaneous emis- D= (y;+ y,)(2A + 7,1)g§+ Ay (y1+ v,)2+ Aﬁ]
sions|1)—|2) and|1)—|3), i.e., the SGC effect. If levels i ~
|2) and|3) lies so closely that the SGC effect has to be taken With Eq. (3), solutions forp,; andps; to the first order of
into account, thery=1, otherwisen=0. We should note g,, while to all orders ofy., are derived as follows:

~1) ~0y, 1909 AA (PR P + (y1+ ¥[GP~ 1Y) —i A (PR + 1]
pir=pirt °D , (4)
~ 1y 1Gpl (A =18 +i80) (b7 —p3) —igepi1—ip* gopt?

P31 - - - (5)
(y1+y2+ A=A (A+iA—iAp) +02
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phase-dependent effect of the probe gain in the presence of
the SGC effect.

In Fig. 2, withA=0.5, y;=7v,=1, 6=n/4, A.=0, g,
=0.1sing, andg.=10siné, we plot the probe gaifor ab-
sorption Im(p$;) against the probe detunint,. Here, ac-

The probe gain coefficient on transitidh)« |3) is re-
lated to the imaginary part gfsy) . From Eq.(5), we find that

P& is contributed by three terms: the population difference

term (proportional top!Y—»%), the dynamically induced

coherence ternfproportional t0p(1%)), and ths spontaneously cording to Eq.(3), A=0.5y, is enough to guarantee that
generated coherence terfproportional top{Y), an addi- there is no population inversion between leyEl and level
tional term compared with the first two terms that are usua’3>, so the gain in Fig. 2 is inversionless gain. It is shown
in conventional systems for LWI. According to above equa-that, when no SGC effect exists in this system=0), the
tions, whenA is not very large, except the first term, both the prope is amplified only arountl,=0 with a very small am-
second and the last term could have positive contribution tgjitude due to the dynamically induced coherence resulting
the probe gain, so the probe gain is inversionless gain, and ffom the coherent field).. While when the SGC effect is
originates from both dynamically induced coherence an¢onsidered =1), the probe is amplified elsewhere with a

spontaneously generated coherence.
With A=0, Eq.(5) can be simplified into

_gp(Ap_Ac)
—[i(y1+7y2) +A)I(Ap— A +¢2

~(1)_
P(31)_

(6)

Obviously, in this casep$}) is independent of, i.e., in-
dependent of the SGC effect, because the probe field is
weak that all population is reserved in the ground staje
thus no spontaneous emission takes place, no SGC ffect

So, it can be concluded that the incoherent pump plays
very important role in reserving the SGC effect in the case o

a weak probe.
Note, in this paper, parametegs, g,, A¢, 4,, A, and
v, are scaled byy;.

IV. PHASE-DEPENDENT GAIN LINE SHAPES

When the incoherent pump is added on transition .

|1)<|3), as shown by Eq(5), p$}) becomes a periodical
function of the relative phas®, for p depends omb. In this

section, with a small incoherent pump, we focus on th
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FIG. 2. Dependence of the probe gain }}‘gif) upon the probe
detuning A, /y; with y;=v,=1, A=0.5, A;=0, 6=mul4, g,
=0.1sin#, andg.=10siné. The solid curve is withp=0, while
the dashed curve is with=1 and®=0.

much larger amplitude. This means that, in the case;of
=1, the spontaneously generated coherence contributes
much more to the probe gain without inversion than the dy-
namically induced coherence.

In Fig. 3, with different® and the same other parameters
as used in Fig. 2, we display the dependence of the probe
gain Im(p$}) upon the detuning of the prolss, . It is found
that the probe gain is quite sensitive to the relative pliase
With different @, we get different gain profiles. Whet
=/2 or 3w/2, much larger probe gain can be achieved at
é‘lp: —gc or Ap=gc, which corresponds to the dressed-state
Sublevels |—)=(112)(11)~[2)) or |+)=(112)(|1)
+1]2)) of level|1), respectively. The eigenvalues of the two
sublevels areE_=—g. andE, =g.. While when® =,
the probe can be amplified with relative smaller amplitudes
in a much larger spectrum rangéw,=2g., the energy
spacing between the two dressed-state sublejels and
=)

In Fig. 4, in order to investigate the behavior of the inver-

sionless gain in the case Af.# 0, with A.=10, we plot the

probe gain Imp;)) against the detuning of the probg,. It

is found that, whenb = 7/2, the amplitude of the gain peak
ecomes much smaller, but the corresponding linewidth be-

comes larger. It should be noticed that, whkr 37/2, al-
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FIG. 3. Dependence of the probe gain M) upon the probe
detuningA,/y; with »=1 and different®. Other parameters are
the same as those in Fig. 2.
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018 =37/ and y,, from Eq. (3), we find thatp() andp{Y are in the
b= + order ofg.p{Q/(A.+ivy,+i7y,). Furthermore, in the limit of
040 / 9cp12/(RcT1Y1T 172
' | ®=n/2 " a weak probe and a strong coherent field, i.g,
~ oo e A >y1, v2, A>g,, from Eq.(3) and Eq.(4) we find that
S Mem ,‘IEM p{P=p. Then in the same limit, according to E@), the
) 1 =1 ~
la . K—J&: TSR By contribution of spontaneously generated coherepé®)(to
E ] "\i\\,u \‘ ,f/" the inversionless gain is much larger than those of population
sy M/ i ,(0) _7(0) i i
0,05 . [y difference p3j;’—p33’) and dynamically induced coherence
l,' (p'%) as shown by Fig. 2, so the behavior of the probe gain
0,101 d=0 (or absorptionh mainly depends op!Y). That is to say, in the
‘l 11
1 limit of a strong coherent field and a weak probe field, Eq.
-0.15 . T . T . T . (5) can be simplified into
-40 -20 0 20 40
A/ o
"7 ~n_ —ip*gepfy @
- 31 o . . 2"
FIG. 4. Dependence of the probe gain B§{) upon the probe (1t v2t A—iAp)(A+iAc—iAp)+gc
detuningA, /vy, with =1, A.=10, and differentd. Other pa- o ) )
rameters are the same as those in Fig. 2. From Eq.(7), it is easy to find the main spectral features

of the probe gain. Whed ,=*g. andA. =0, we get

though the amplitude of the gain peak does not change no- _
tably, the corresponding linewidth becomes smaller. When ~(1) F2+vyyv,c0S6 sin(I)p(lll)
&=, much wider gain spectrum can be got, for in this Im(pz1)~ (2A+ y1+ 72) ' ®
case,dw,= \/ACZ+4gC2.

In order to get a deeper insight into the modulation effectyhile whenA,=A.=0, we get
of the relative phasé on the probe gain without inversion,
in Fig. 5, we depict the probe gain Ip{) at A,=0,+7 ~y. —2\y1y2c0s6 cosdp Y
against the relative phaske. Other parameters are the same Im(p$y)~ g :
as those in Fig. 2. It is shown that, at different detunings, we ¢

get different modulation ampitudes of the probe gain, and According to Eq.(8), we cannot get the probe gain at

with different values of®, the largest probe gain corre- A = + g, simultaneously, which means that if the probe is
. . . . p C y
sponds to different detunings. The modulation period of theamplified atA =g, then it is surely absorbed ak,=

probe gain is always . o _ —g., just as shown by Figs. 3 and 5. Furthermore, the be-
Now, we give out a few physical interpretations of spec-,,ior of the probe gain arounsl, =g, is also opposite to

tral features found in above figures. Clearly it is the SGCihat around\ . = — ; ;
. =—g. (see, Figs. 2 and)3By comparing Eq.
effect that leads to the dependence of the probe fan (8) with Eq. (9), we find that the inversionless gain A

Im(p$y)] on'p{?), and then on the relative phade When  —g_or Ap,=—g, can be much larger than that A,=0

the incoherent pumping rat& is not much smaller thary, (see, Figs. 3 and)5as long agy.> A, 1, v,. From Egs.(8)
and(9), it is also easy to understand why the maximal probe
gain at A,=0 corresponds tob =, while the maximal
probe gain at Ap=g.(A,=—g;) corresponds to®d
=3m/2 (P=n/2). In a word, wheng.>vy1, v, A
>(p, the inversionless gain manily stems from the sponta-

)

0.15

N
0.10

o~ 0.054 neously generated coherence, and it is sensitive to the rela-
= 5 tive phased. Similar results can be obtained for unequal
|& 0.00 v's.
E
-0.05 4 V. CONCLUSIONS
0104 In summary, we have shown that, in/a system with
near-degenerate lower levels, with an incoherent pump, the
o8 SGC effect can be reserved even in the case of a weak probe.

The inversionless gain can be achieved due to the spontane-
ously generated coherence as well as the dynamically in-
duced coherence. In particular, the inversionless gain be-
FIG. 5. Dependence of the probe gain ) upon the relative ~ comes quite sensitive to the relative phase between the probe
phase® with »=1 and differentA,. Other parameters are the and the coherent field. We can modulate the gain profile and
same as those in Fig. 2. the gain amplitude simultaneously just by changing the rela-
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