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Abstract

We consider the spontaneous emission from a three-level atom in which the 1wo upper levels are dnven by a quantized
radiation Reld and the intermediate Jevel decays to the lower level via spontancous emission. L & skown that the spentancous
emission spectrum has the same characleristics as the photon statistics of the driving field. The proposed scheme can il
be used 10 Find the full state vector of Lhe field for pure states

In recent years, a large class of the states of the radiation field have been studicd. Several of them display
nonclassical Features, such as the squeezed state { for a review, sce Rel. [1]) and the so-called Schrodinger cat
stale (which is a coherent superposition of two coherent states) [2]. These states exhibit interesting leatures
in their quantum statistical properties. For example, they may have oscillatory photon distributions. A number
of schemes have been proposed that may be used in (he measurement of the field distribution functions. These
include methods based on dispersive atom—ficld coupling in a Ramsey method of separaicd osailfatory fields
{3]. atomic beam deflection {4], the quantum state tomography [5], and the conditional measurements on the
atoms in & micromaser setup {6). In this paper, we present a new scheme in which the quantum siate of the
field can be directly measured from the Autler-Townes spectrum.

In the Autler-Townes scheme, the spontaneous emission specirum is spht in a doublet when 1he upper or
lower level is coupled 1o another level via a driving field [7]. The appearance of the doublet can be casily
understood in the dressed-state picture. [nteresting quantum interference effccts have been siudied in such a
system where a dark line is predicted for the upper-level coupling case with no such dark line for the lower-level
coupling [8.9}. All studies of the Autler-Townes splitting appear to assume the driving ficld to be classical

In this paper we assume the driving field (o be quantum statistical which is described by a phaton distribution
function p(n). We show that, under appropriate conditions, the Autler-Townes spectrum yields the function
p{n). We also show thal the complete stale vecior of the ficld can be determined from this methad for pure
sates of Lhe field.

We consider a sysiem of three-level atoms in which the Lransition |ch-|a} is driven by a quamtum ficld with
photon statistics p{r) and the transition |a)-|b) is coupled 10 the vacuum medes (sce Fig. 1). The interaction
Hamiltonian in the dipole and the rotating-wave approsimation is given by

) Permanent addeess.

03759601 /96,/5¢2.00 Copyright © 1996 Published by Elsevier Science B.V. All rights reserved
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Fig. 1. Level scheine of the atom.
H = higt[c){ala + |a}{cla’)y + RZ‘:(gac""‘"""”lﬂ}(blba + gie~ ety tal) (n

where a and a' are the annihilation and creation operators of the driving field. g is the corresponding vacuum
Raubi lreguency. by and bI are the annihilation and creation operators of the reservoir modes with wave vector
k and ircquency vy = ck, and g is the corresponding coupling constant. Here wus is the transition [requency
hcm'f:gn the levels |a) and () and we have assumed the driving field 10 be at resonance with the |cy-|a}
lransilion, ’

Nexi we derive the equations of motion for the probability amplitudes. At any lime the atom-field wavevecior
|¢r(£)} can be written as

009 = 3 (ConsthaI0) + CoastDle0) 3~ Conntlbn ). )
) *
where Coaa(7h and Caplt) represent the probability umplitudes for the atom to be in levels la) and [e),
respectively, with n photons in the driving ficld of frequency v and no photons in the reservoir medes, whereas
Chu1, {11 is the probability amplitude for the atom in the level |b) with n photons in the driving ficld and one
photon in mode k. The equations of motion of these amplitudes are given by

Cono® ~igVAC ac10 =19 8s€™ Choiy. (3
x

Con-to= *isﬁC._,.,o. (4)

Crnsy = —i25e 7 Cunan ‘ (5)

where 8 = wun — vi. 1L follows, on formally integrating Eq. (5) and substituting the resulting expression for
Ciny, into Eq. (3), thar, in the Weisskopl-Wigner approximation, Eq. {3} reduces to

€onam —igYHC.az1t = ¥YCuno: (8

where 2¥ is the spontancous emission rate {rom (he level |a) 1o the level [&). Egs. (3) and (6) form a ;':Insed

et amd can be sobved casily.
Il we assume the atom 1o be initially in level |a) and the driving field 1o be in the state 3o, wali), the
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where x, = (2 —4g'n)!77. This expression for C,nof1) can in turt he substituted in By (5). which canben
he integrated to yield the desired expression of Cra, i) A stcady-state vilue is obtained for f 2 y~!. The
steady-stale expression for the spontancous emission spectrum is given by (apart tren & proporsienality fuctor

S(v)-iic.q (m)|2=§:p(lr)——lﬁa—|1§—i~—-—: L8
13 o ly (R?" _ 53]: + 8%71
nwl ey

where p(n) = |w,|? is the photon statistics of the driving field. Thus we see that the spoRtancous CRssion
spectrum from level ja} 10 level |D} depends on the phaton statistics of the driving field between the levels Jc}
and |a). This result is valid for arbitrary states of the licid and nol just for purc slales.

We now address the question whether it is possible 1o gain information about the photon statistics of the
driving field from a knowledge of the spectrum. In order 10 do so, we rewrite Eq. (8) in the form

(.=}
Stu) = 3 pln)Saw). ‘ Yy
nal)
where
4t '
Syo) = a2 {10

which i i Teasonable approximation in the region of interest,
Now 5,(#) is the spontancous emission spectrum associated with the cxeitation n which 1s zero ot # = was
unless # = O when it is @ Lorentzian of widih 2y. The function S,(14) has double peaks (the well-known
Autler-Townes doublet) localed at & = +g/n. The height of these peaks is the same and is piven by |,ql‘,|3;"y3.
An important ang interesting fact is that the height of the peaks is independent of the excitation number 1. For
a plot of 5,(#1) versus &1, there is only one peak tocated at ¢in whose full width at hall maximum is

Q=¥ Y+ g (1

onsists of contribulions from ail the phaten excilations in the
< clear that. for the decay rate ¥ much less than the vacsum
neous cmission spectrunt { S{rc) versus &) will mimic the
we consider some examples of the phelon statistics amd

Here we have repiaced gy by ils valuc at kg = e

The complete spontancous emission spectrum ©
photon distribution function p(#) in Eq. (9 i
Rabi frequency g of the driving ficld, the spontal
photon distribution function pin}. In the following,
see how they can be recovered Irom the corresponding spontancous emission spectra.

In Fig. 2a, we present the pholon distribution [unction for a coherenl state, namely

—l‘-n
plny = —, (2

n!

with the mean number of photoas i = ). 11 may he seen from Fig. 2b thal the spontancous cmission spectrum
S(1) has an oscillatory hehavior with peaks oceurning al & = ng?. These oscrllations s manifestations ol
the spectra S,(#:) correspanding 10 the photon excitations . [T we wanl 1o recover the photon distribution
function p(n) from the spectrum given in Fig. 2b. (he unty meaningtul values vl 8¢/t arc the integral values
as is evident from Eq. (%). On rewsining the contributions anly from these values and properly normalizing the
resulting distribution, we obtain Fig. 2c, which reproduces Lhe Peissenian photon distribution of Fig. 2a to a
good degree.

As another example,
function is given by [ 10§

we consider the driving lield 10 he o squeezed vacuum state whose photon distribution
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ig ¥ (a) Photon distribution Tuncton Pin) for a squeered cohercat staie with £ = | 6 (b). (¢} Asin Fig. 2
= . sin Fig

p(u)=€cushr;“—L(l, hry" .
[(%")”2 jlanhr)”. when n is gven,

=0, when n s odd, (13
\‘A“l;crc r |s'!hc squeezing parameter. This photon distribution is highty oscillatory as
:‘qrcc:w.nmllm_g}hspnnmncous specirum and the recovered photon distribution are show
espectively. The nonzero values at odd » are due simply ¢ ibuti
the contributions f
We also note that the usual results f; borne: rained o o
. or the Autler-Townes spectru i
which (here are no oscillations in the specitum. Thi g m v g for 2
highly nonclassical state.
So lar we have shown how the dia,
gonal clements of the field densit i i
ve ¢ ¥ mairix can be det
:]E:‘mm_"mlfs emission spectrutn when the atoms in the level {a) interact with the field Ho\‘»ea:m\re"’mj from e
ermination of the field siate requires. in addition 10 the diagonal density matrix eleﬁents 1hcr'o:‘fc;mpme!
s -diagona

shown in Fig. 3a. The
n in Figs. 3b and 3¢,
eighboring values of .
. pectrut ar n initial Fock state, for
¥ 15 surprising in view of the fact that the Fock state is-a
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clements as well. In particular, if the state of the fickd is given by 3w, [n) then we need 10 find the arplinudes
wy for all values of n. We now show that this can also be done il the atoms are prepased inoa coherem
superposition of states [a) and |c). We follow a procedure similar 10 the one adopted in Ret | &1

For the atom inilially in a coherent superposition of staies

1
(0)) = —=|a) +e®le)), AEY
[¢a{0)} 7 la} + €'®le)
where ¢ is a relative phase, Eqs. (4} and (6) yickd
e—yl/!
Cunp{t) = v {Tcoshi et /2) + (¥/xn) sinh{aat/2) Iy o+ (igy/nfa b sinh(rntf2) w1} (1%
The corresponding expression for the spectrum ${z(. @) for the choice of the coherence angle & is
+ ginlwa_i P - 2/, Rc(u‘,,w;_,c"“) y
. L6y

52|w !1
s . - 1 A "
(Vi b} i;lh.,\ (gin — BT ¥ By

The spectrum now depends not only on the diagonal elemenis of the density matrix for the field but also on
the off-diagonal elements wow’_ | as well. The real and imaginary values of w,w)_, can then be obtained by
determining the spectrum for four choices ol the phase ¢, namely 4 =0, w/2,m, and 3w/4 and forminge the
combinations '

5 52
Riw) = ﬁ[S[Vk.‘n’) - 8w Q)] = ZR:{ ﬂlv"w;_,)m(g2" —‘84;'%')2‘"0-55}‘}' ERA

8, 152
() = i—;[sm.snfz) - Sto,mi2)} = Zlm(ﬁw,w;_,)——mm—-—(gzn _’3;;')2 A 5 (1)
" ]

Thus a determination of R(v¢) and f{py) yields the values of Viwws_ |, and hence @, = woivn o, in the same

way as before.
The probahitity amplitudes w, can new be detcrmined (upart from an arbitrary und uninteresting phase

factor) from the recursion relatien

(1Y)

Wo = —
Wi

The advamtage of the present approach aver the method presented in Ref. [6] 15 that the amplitudes w, can
be directly determined from the spectral information and no numerical inversion of relations (173 and (183
required. This is particularly useful when the field has a large mean number of photons

In summary, we have shown that the Autler-Townes spectrum can be used to recover the photon distribution
function of the driving ficld. It may also be used to determine the complete reduced density matrix of the lichd
when the field is in a pure statc. The proposed scheme can be used in a configuralion where the driving lield,
the atomic beam, and the detector are mutually perpendicular. This scheme can also be used to probe the field
inside a cavity. This would, however, require a number of preparations due 1o the quantum demolition charaier
of the mcasurements.

There are a number of polential noise sources in this scheme. In ur mexdet we have neglected the sponlancius
emission from the level |¢) 1o the level @) which can substantially alter the results, However, it can be shown
that the resubts presented in this paper remain essenlialiy unaffecied if the decay raie from level {c) to leve!
|a} is much smatler than the vacuum Rabi frequency g hetween these levels. This condition is experimentally
achievable as has becn shown in recenl cxperiments en the realization of o “one-dimensional”™ atom [ 11]
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Another important consideration is the finite detector bandwidth Av which should be much less than the atomic
decay rate y.

The scheme prescnted in this paper is one of a large class of systems where the emission or probe absorplion
charigcleristics may carry interesting quantum statistical properties of the pump or driving fields. These system
are experimentaily accessible und a detailed study is required to identify the optimal systems and their potential

i extract information regarding not only the diagonal but also the off-diagonal ciements of the density matrix
ol the ficld. .

The suthor would like to thank Wolfgang Schleich for his invitation to visit Universitit Ulm, where this work
wis dome. He would also like to thank him, Fam Le Kien, and Shi-Yao Zhu for hetpful discussions concerning
the subjeen matter of this paper.
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