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Effect of vacuum-induced coherence on single- and two-photon absorption in a four-levél-type
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When a four-levelY-type atom with two highest nearly degenerate lying levels interacts with the same
vacuum radiation field, its excited levels have vacuum-induced coherence due to the quantum interference
between the spontaneous decay channels. We consider the effects of the vacuum-induced coherence on the
electromagnetically induced transparency against single- and two-photon absorption in the atomic system. We
find that the vacuum-induced coherence can lead to probe gain without incoherent pumping. On the other hand,
the coherence can suppress the two-photon transparency, even in some cases where it can enhance the two-
photon absorption. Another important result is the finding of the crucial role played by the relative phase
between the probe and coupling fields: the two-photon transparency and the probe gain spectra can be modu-
lated by this phase.
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I. INTRODUCTION quantum interference between the two spontaneous decay
It is well known that an absorbing atomic medium driven ;:r:lannetljs_];_VIE_l Iea(:s tg martw_y rem%rkc?ble ph_enomenats_uch ?S
by a strong coupling field may be transparent for a weak € modilication ot absorplion and CISpPErsion properties o
probe laser. This phenomenon, which is termed as electrgomMc system¢7-9], gain without inversion 1012, and
magnetically induced transparen@iT), has been studied in spontaneous emission and absorption Sp§{¢86_tlﬂ. Whgn

all kinds of three-level atomic configurations includixigA, considering the VIC effect, the probe gain with or without

and ladder schemd4]. When the probe and coupling fields inversion[11,13 and spontaneous emission spe¢ira can

are resonant with their corresponding atomic transitions, thge relgted to the relative phase between the probe and cou-
atomic medium displays perfect EIT for the probe field.pllng fields. . .

Meanwhile two-photon absorption in the system may be en: The control of the two-photon absorption using quantum
hanced. Agarwal and Harshawardhan considered a Contrbr?tetrferen(_:e ?Rd tthe re:?tfd clohgrencti mecf;amsm are Otf. Im-
laser to couple an intermediate state of the atom in the ladd 50 ;]ar:;% L?\e tvso-wr?(;?or:);:tar?sllgr%en t?n pt;ﬁtupriloﬁﬁg?n:g?
configuration with another higher-excited state in order totio’n ' (OCeSSIN 162 Most of tr?e reviousqwork related to
form two interfering two-photon excitation paths among the P ¢16,12. P

dressed-state transitions and to create interfer¢2gewe V;Cevrv;c,\vsefgﬁ;l? ?r?vggtithaieséﬂgli_ffehcct);ogf iﬁji}lg‘ ;Eih%r?;i?t
call its configurationY scheme. The two-photon absorption pap 9

in this four-levelY-type atom can be suppressed or enhance@’n heo;(r)lg S)big;ﬁ:gnt’hvev?\';g_sEg\{\(l)sntgig:e t?(/)lnc Ili Z%é?i%%rtex‘et
due to the destructive or constructive interference. Gl P prion. '

reported an experimental observation of the eIectromagneti"}ISO investigate the one-photon case corresponding to the

cally induced inhibition of two-photon absorption in sodium uf::gng:gsflifgV'TCt:Let;\év?éﬂ?_?é?/;_fxcgitt'g; F:/?;hl;o:lnnéhe
atoms[3]. Wanget al. presented an experiment of electro- P yp '

magnetically induced two-photon transparency®®Rb at- \S/ce)nmtﬁ)g;r?;traer:-lz r:/(zr:/ci;negaé?otr:e .T_)ésete(;g c::;r::ééo(t)?iﬁeon-
oms [4]. Xu et al. [5] investigated one- and two-photon yP ' P

transparencies for the isotop®Rb and®’Rb. Subsequently, single- and two-photon absorption spectra on the relative

Yan et al. reported an experimental observation of the transPhase between the probe and control fields is also discussed.

parency against single- and two-photon absorptions in thg)ur paper is organized as fc_)IIows. I.n Sec. I.l we descnpe the
A-type four-level atonf]. model and present the density-matrix equations of motion for

When the two highest-lying levels of the four-level the system. In Sec. Il we discuss the effects of VIC on the

Y-type atom are nearly degenerate and coupled by the San%ngle- and two-photon absorption properties. The phase de-

vacuum radiation field to the intermediate state, the systerﬁﬁ8dtﬁgcsogiItilgoibi‘;or?gggn?égf'ilﬁs‘sscd'\?cussed in Sec. IV,
can create a vacuum-induced coherei¢&C) due to the P n

Il. MODEL AND EQUATIONS

*Corresponding author. Email address: sjwang@home. A four-level Y-type atom is shown in Fig. 1. The two-
swijtu.edu.cn photon transition in the atom under consideration is induced
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by a pump laser with frequenay, and Rabi frequencys,

= figp- &,/ 1 driving |3)—|2), and by a probe laser with fre-
quencyw,; and Rabi frequencyG,=i,,-&,/% driving |2)
—|1). We assume that Rabi frequen@y is a real parameter
throughout the paper. A coupling laser with frequemcgnd
Rabi frequencyG=i,4-€/% is applied on the transitiof2)
—|4) to produce dynamically induced coherence for the
single- and two-photon transparencieg, &and 2y are the
spontaneous decay rates from levidlsand |4) to level |2),
respectively, and % corresponds to the decay rate froa

to |3). In the interaction picture the density-matrix equations
of motion in the rotating-wave approximations can be writ-
ten as

€ m e aaa e

3

FIG. 1. The energy scheme of the four-lexetype atom.

dp1y -
gt 2y1p11~ (iGyp1o+ Mpar + H.C),

dpss _ :
at 2yp20+ (IGop3+ H.C), disappears. So the existence of the VIC depends on the non-

orthogonality of the matrix elemenis,, and /i,,. Here we
d only consider the case where the probe laser only acts on the
EPasa _ -2 transition|1) < |2) and the coupling laser only on the transi-
¥pas= (IGpaz+ mpsr+ H.C), pling y
dt tion |4)«|2), so that the polarization direction of the probe
field is perpendicular tqus, and that of the coupling field
dp1p ) o . . perpendicular tqi,,, i.€., 81+ t4p=0 ande - i,,=0. Then the
T (71t ¥2+iA1)p12=1G1p11 —1G2p13~-1G pyy Rabi frequencie§; andG are associated with the anglas
L follows: G;=Gygsind and G=Gysind with Gyg
+iGyp22~ 7pa2, =|14|€1] /1 andGy=|u,4l|€] /7. To gain the remarkable VIC
effect on optical properties of the system we assume that the
dp13 . . I o excited levels are nearly degenerate, vg,~0 or else the
F:—(71+|A1+|A2)P13—'62P12+'61P23‘ P43 terms with » and accompanied by an exponential factor
(1) exp(xwy4t), which are not shown here, have been averaged
out[8,11,13.
=—(y+ y+iA —iA)pra—iGpio+iGypas In the conventional treatment where the behavior of the
system only relies on the amplitudes and detunings of the
— 9(p11+ Pad)s external coherent fields but not on their phases, the Rabi
frequenciesG,; and G are treated as real parameters. How-
ever, in our case, the system is sensitive to the phases of the
== (Y +iAy)po3+iGyp13— IGopyr+iGopas+iGpas, probe and coupling fields due to the existence of VIC. We
should treat the Rabi frequenci€s and G as complex pa-
. rameters:G,=g,€% and G=g€? where ¢, and ¢ are the
. . . L . hases of the probe and coupling fields, respectively. Let
%1: ~(r* 727 18)p24 +1G1p14 = 1G22+ 1Gapas + 1Gpas p = Pii» 012 Plzg(/’l O42= P42‘5"¢p012 PlSel(/)l (74F3) P435"¢y
014—p14e' , and =7 exp(i®) with d=¢,-¢ being the
= MP21s relative phase between the probe and control fields. The re-
defined matrix element; (i,j=1,2,3,9 obeys the same
differential equationg1) except replacings;, G, and » by
01, 9, and 54, respectively.
, . . The single-photon absorption behavior for the probe laser
The above density matrix elements obey the conditiens jp, the four-levelY-type atom can be described by the imagi-
+p22t paatpas=1 and p;=p;. The detunings of the probe, nary part ofoy,. The two-photon absorption strengths can be
pumping, and coupling lasers in E(l) are defined as\;  measured by the population distribution in the excited state
=W~ Wy, AZZWZS__WZ' and A=wy;-w, respectively. The |1y je. g;,. We extend our discussion for the single- and
terms with »=pvy,y in Eq. (1) represent the VIC effect two-photon cases under the two-photon resonance conditions
resulted from the cross-coupling between two decay pathg;+A,=0 andA=0. The two-photon absorption minimum
|1)—[2) and [4)—|2). The parametep is defined asp  magnitude is independent of the valuegfbut its minimum
=12+ fhaol (| 12| fiaz) =COS @ where 6 is the angle between point is determined by the probe detuning [2]. The sup-
dipole matrix elementgi;, and ., If the matrix elements pression of the single- and two-photon absorption induced by
12 and i4, are orthogonal to each other, i.50, the VIC  the external coherent fiel& can be understood by the

d.014
dt

dp2s
dt

dpa4

at ==(y=iA2=iA)p3s=1Gp3+iG2p24~ Mp31.
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FIG. 2. The probe absorption Im, as a function of the probe
detuningAl with v= ’}/1:0.1, ’}/220.3, 9020.5, 910292:0.1, d=0
and differentd: 6=x/2 (no VIC) (solid curve, 6==/6 (dashed
curve), §=/18 (dotted curve

dressed states created by the coupling fi¢|d>:(1/\s"§)
% (|2)+]4)) and|-)=(1/v2)(|2)~|4)) with the corresponding
eigenvaluesk, =G and E_=-G. The transparency against
one-photon absorption corresponding to the transit@n

—|1) is induced by the interference between two channels:

[+)—]1) and|-)—|1), and suppression of two-photon ab-
sorption for the transitiod3)— |2)—|1) is induced by the
interference between two path$3)—|+)—|1) and |3)
—>|—>—>|1>

Ill. VIC-DEPENDENT ABSORPTION PROPERTIES

The steady-state behavior in the four-leweltype atom
can be described by settindo;;/dt=0. We describe the
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FIG. 4. The probe absorption lm, (a) and two-photon absorp-
tion a1 (b) as the functions op with A;=0. Other parameters are
the same as those in Fig. 2.

with #=1/6 and the dotted curve with=/18 in Fig. 2, we

see that the VIC can lead to the probe gain without incoher-
ent pumping, and that the maximum gain with /18 is

single- and two-photon absorption behaviors numerically bytarger than that wittt=7/6. In the presence of VIC, the gain

Im(o45) and oy;, respectively. We plot the Ifor;,) and oqq
versus the probe detuninly, in Figs. 2 and 3 with the rela-
tions g=g, Sin 6, 9;=010SiN 6, 7p=p\Vy 1,€®, and the pa-

profile where the maximum gain appears at the probe reso-
nant point, is different from that for the conventionéitype
three-level atom where the probe gain spectral is symmetric

rameter valuey;=y=0.1,v,=0.3,0d=0.5,0:0=0,=0.1, and  with respect to the probe resonant point and vanishes at this
®=0. When the atomic system is driven resonantly by theesonant poin{8,10. This difference is due to the existence
coupling fieldG, both single- and two-photon transparenciesof the pump fieldG, driving the transition|3)— |2) in the
appear, which are exhibited by the solid curves in Figs. 2 andour-level Y-type system.

3, respectively.

In Fig. 3, it is seen from the dashed curve that the VIC

In the following we consider the effects of the VIC on the enhances the two-photon absorption upot@=0.077 with
single- and two-photon absorption. From the dashed curvé=/6 (01,=0.048 without control field, i.eG=0, which is

0.08

——

]
- 0.04
o

g

-4

FIG. 3. The two-photon absorption;; as a function of the
probe detuning\; with different 8. 6=/2 (no VIC) (solid curve,
0=m/6 (dashed curvge 6==/3 (dotted curvg Other parameters
are the same as those in Fig. 2.

not shown herg If 6=7/3 as shown by the dotted curve in
Fig. 3 we can see that the VIC suppresses the two-photon
transparency by comparing with the solid curve.

To deeply investigate the effects of the VIC on the single-
and two-photon absorption, we plot the single- and two-
photon absorption versus at the probe resonant poigdt;
=0 in Fig. 4. Figure da) shows that the single-photon ab-
sorption curve increases drastically within the regions
-1<p=<-0.976 and 0.963 p<1, but decreases monotoni-
cally with p from p=-0.976 top=0.963. It can be seen that
the probe gain appears only when 0.328<1 and reaches
the maximum value at about the pojmt0.963. The depen-
dence of the two-photon absorption on the VIC is exhibited
in Fig. 4b) by setting A;=0. The absorption spectrum
againstp looks like a concave, and the two-photon absorp-
tion minimum o,,=3.32x10* under the conditiorA;=0
appears ap=0.199. From a comparison of pairs of plots as
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FIG. 5. The probe absorption Im, as a function of the probe

detuningA,; with =7/6 and different®: ®=0 (solid curve, ¢ 0.05 N\ A [ rn
=/6 (dashed curve ®=7/3 (dotted curvg &= (dashed-dotted 0.04 I\ / \ / \ / \
curve). Other parameters are the same as those in Fig. 2. 0.03 ) / \ / \ / \
\ \
0.02 |
in Fig. 4 with different Rabi frequencies of the coupling laser o.01 | /
(not given herg we can conclude that the oscillating mag- / | A ,/ | )
I T

Imoyz

o

nitudes of the absorption curves in Fig. 4 become smaller \ | \ / !

and their crossing points in Fig(& are close to the resonant -0-02 \ / \ (W

point as increasing Rabi frequencies of the coupling laser. -0.02f 1, \/ \/ \‘/

This is due to the fact that contribution of the quantum in-

terference from the increasing coherent field becomes domi-
nant compared with that from VIC. When th ling laser . :

ba tr(:qo pa}[re?] : tth at no- ng W _ehttenCOll;p rgti ar?er i FIG. 6. (a) The probe absorption Im;, as a function of the
ecomes stronger, theé one- and two-photon absorplio j)robe detuningA; with 6==/6 and different®: ®==/2 (solid

duces on the resonant point, which is one of the factors lea ine), ®=3r/2 (dashed ling (b) The probe absorption I, as a

ing to the movement of the crossing point close to the resog,nction of the relative phas® with 6==/6 and differentA: A,

nant point. The spectra in Fig. 4 display neither odd nor even g 162(solid line), A;=-0.162(dashed ling Other parameters are
symmetry between the positive and negative value.of the same as those in Fig. 2.

This can be understood as follows: the paramptappears

in part of terms, not all of the terms on the right-hand side ofpoint. Figure ¢b) shows the dependence of the single-photon

Eq. (1), which leads to that the matrix elements(lry) or  absorption on the relative phadeat A;=0.162(solid ling)

oy, contain both even and odd orders jpf such as zero andA;=-0.162(dashed ling It is seen that the absorption

order, one order, and higher orderspfthis is verified by profiles are periodic with the period ef and the maximum

their analytical expressions up to two orderspdfimplying  gain relies on the different detunings and different relative

that the Infoy,) and oy, are neither odd functions nor even phases.

functions ofp and the spectra in Fig. 4 display neither odd The two-photon absorption profiles in the presence of the

nor even symmetries. relative phase® display similar behavior to that of the
single-photon absorption. From the dashed curve in Fig. 7
with ®=7/6, we can see that the relative phase slightly

IV. PHASE-DEPENDENT ABSORPTION PROPERTIES shifts the minimum of the two-photon absorption to the left
p-Side and makes the minimum become smaller than that in the

(b) -4 -2 7 ; 2 an

In the following we shall discuss that the one-photon a
sorption property is dependent on the phases of the probe 0.06
and control fields due to the existence of the VIC. We plot
the single-photon absorption versus probe detuning with

given values of relative phase in Fig. 5 where the other 0.04
parameters are same as those in Fig. 2. It is seen that the

maximal gain value in the case di==/6, shown by the 60
dashed curve in Fig. 5, becomes two times larger than that 0.02

displayed by the solid curve without considering the relative
phase, and that it is three times largerdas #/3 from the
dotted curve. The gain profiles shown by the dashed and 0
dotted curves become asymmetric and the maximal gain am- -4 -2 0 2 4

plitudes move to the left near the resonant point due to the

relative phase. From the dashed-dotted curve, we can see thatF|G. 7. The two-photon absorption;; as a function of the
the gain disappears fob=. The single-photon absorption probe detuning\; with =7/3 and differentb: ®=0 (solid curve,
profiles with®=7/2 (solid line) and®=37/2 (dashed ling ~ ®=#/6 (dashed curve ®=7/3 (dotted curvg, ®== (dashed-
in Fig. 6a) show that they are symmetric about the resonantiotted curve Other parameters are the same as those in Fig. 2.
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The above results are related to the experiment reported
by Xia et al.[18]. The three-peak structure of the fluorescent
intensity in their experiment can only be resulted from the
presence of the two-step one-photon channels. This implies
that there must be a near-resonant intermediate lghel
singlet statg between the ground state and the two upper
lying stateq19]. Thus the atomic configuration in the present
paper is similar to the level scheme of their experiment. Ad-
ditionally, the two highest-lying states are used by a pair of
mixed levels of the singlet and triplet states in sodium dim-
mer, their superposition coefficients are determined just by
tuning the frequency of the driving field.8]. Then the two
highest-lying states are close to each other, and the dot prod-
ucts of the dipole matrix elements between the two highest-
lying states and the intermediate level are determined not
only by the dipole matrix elements between the singlet state
and the intermediate singlet state but also by the superposi-
tion coefficients in the mixed leve[R0]. Therefore the VIC
parameteip can be nonzero by tuning the driving field.

V. CONCLUSIONS

In conclusion, we have investigated the electromagneti-
cally induced one- and two-photon transparencies without or
with VIC in the four-levelY-type atom. In the case of single-
photon absorption the VIC can induce the probe gain around
the probe resonant point, but it suppresses the two-photon
transparency in the case of two-photon absorption. Due to
the existence of VIC, the single- and two-photon absorption
profiles are quite sensitive to the relative phase between the
probe and coupling lasers: the two-photon transparency spec-

. tra and the probe gain can be modulated to different regions
absence of the relative phase. Whees 7r/3, shown by the just by changing the relative phase.

dotted curve in Fig. 7, the minimum becomes smaller than
that in the case ob=7/6. The two-photon absorption pro-
file with &=, shown by the dashed-dotted curve in Fig. 7,
is like that in Fig. 5 in the absence of the relative phase but This work was supported in part by the National Natural
the minimum becomes larger. Like Figia, the two-photon  Science Foundation of China under Grants Nos. 10175029
absorption profile forb=7/2 [solid line, see Fig. &], is and 10375039, the Doctoral Education Fund of Education
symmetric with that in the case dp=3#/2 (dashed ling Ministry and the Research Fund of Nuclear Theory Center of
The modulation of the relative phade on the two-photon HIRFL of China, and by the Education Foundation of Si-
absorption atA;=0.25 (solid line) and A;=-0.25 (dashed chuan Province, China under Grant No. 2003A093, the Sci-
line), shown in Fig. 8b), is also similar to the case of single ence and Technology Foundation of Sichuan Province, China
photon in Fig. @b). They also oscillate with the periosl. under Grant No. 02GY029-189.

FIG. 8. (a) The two-photon absorptionr; as a function of the
probe detuningA; with #=7/3 and differentd: ®==/2 (solid
line), ®=37/2 (dashed ling (b) The two-photon absorptiow,; as
a function of the relative phasé with =#/3 and differentA;:
A;,=0.25(solid line), A;=-0.25(dashed ling Other parameters are
the same as those in Fig. 2.
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