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Conditional resonance-fluorescence spectra of single atoms
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The temporal behavior of a single quantum system may contain information, for instance, about macroscopic
dark periods in electron shelving, which is washed out or even lost in ensemble averages. The same is true in
principle for spectral information. For example, for an atom with light and dark periods one might try to
spectrally analyze the light emitted in a light period of given length or, more generally, the light emitted into
one solid angle while monitoring the temporal emission in another solid angle. Considering different emission
behaviors one may get different spectra, i.e., spectra that are dependent on the conditions imposed. In this
paper, such questions, in particular the notion of spectrum in a light period, are studied. To this end we
generalize the recent quantum jump approach to include resonance-fluorescence spectra of single atoms. We
explicitly show that the theory developed in this paper easily generalizes, e.g., to absorption spectra. We apply
the theory to av system that has one metastable level and that may exhibit intermittent fluorescence when
driven by two lasers. We show that the spectrum of resonance fluorescence of the complete ensemble differs
substantially from that observed in a light period. A physical explanation of this behavior is presented.

PACS numbds): 42.50.Lc, 42.50.Ct, 32.98.a

[. INTRODUCTION and to keep only spectral information conditioned to light
periods of given length in the solid anglég. More gener-

Resonance fluorescence of laser-driven atomic multileveilly, one may consider a particular sequence of photon de-
systems and both its spectral as well as statistical, timetection timest,t,, ..., in thebroadband detector and only
resolved, properties have been intensely studied. A famowgpectrally analyze the radiation in the solid anfg if this
example is the well-known Mollow spectrufh,2] of a laser-  particular sequence occurs, or one can look for light periods
driven two-level system with a central peak and two side-of length at leasT and analyze the corresponding spectra at
bands for sufficiently strong driving. Other examples are thdime T after the beginning of the periods.
antibunching of light emitted by a single atof8—5] and In this paper we will calculate such spectra for a single
electron shelving or macroscopic dark perip@]. Spectral atom. To do this we give the correct generalization of the
properties usually involve ensembles and intensity correlaguantum jump approactor Monte Carlo wave-function ap-
tions single systemf8]. proach or quantum trajectorie$10,11 applicable to our

More recently, we have investigated the stationaryproblem. The point is that one has to find the correct time
resonance-fluorescence spectrum of an ensemb\é ®fs-  evolution between successive detections in the broadband
tems(cf. Fig. 1), which can exhibit extended light and dark detector as well as the correct state after the detection of a
periods, and it was shown analytically and numerically thaghoton. Since it is known that different choices can lead to
there is an additional narrow peak on the strong transitiothe same results for the complete ensemble they need not
[9]. We explained this as a consequence of the stochastidescribe a single system whose resonance fluorescence is
modulation of the resonance fluorescence by the intermittent
dark periods. If correct this interpretation would imply that ,
this narrow peak should be absent when the spectrum is ob-
served when no dark periods occur. It therefore suggests it-
self to investigate the spectrum of a single atom in a suffi-
ciently long light period to check this.

For this both spectral as well as temporal properties of the
emitted radiation are required, and thus care is needed with
the time-energy uncertainty relation. This can be done by
assuming time-resolved photon measurements with a broad-
band detector in a solid angl@g for the determination of

light periods and by analyzing the spectrum in another, dis- 3
joint, solid anglef) g say, as in Fig. 2. The broadband detec- /
tor in Qg is thus used as a device to trigger the spectrometeti .
. FIG. 1. TheV system. Two upper levels 2 and 3 couple to a
*Electronic address: hegerf@theo-phys.gwdg.de common ground state 1. The transition frequencies are assumed to

Present address: The Blackett Laboratory, Imperial Collegebe far apart so that each of the two lasers driving the system couples
London SW?72BZ, United Kingdom. Electronic address: to only one of the transitions. The-21 transition is assumed to be
m.plenio@ic.ac.uk strong while the 3-1 transition is weak.
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ods. In Sec. IV we summarize and discuss the results.

spectrometer broadband counter Il. GENERAL THEORY

Before generalizing it we recall that the usual quantum
jump approach can be derived by considering rapidly re-
peated measurements of the complete quantized radiation
field [15], where a detected photon is assumed to be ab-
sorbed, although this last assumption is not neceddd#ly

Qg Qp The time evolution can then be divided into the evolution
between successive detections and the determination of the
state after a detection, the so-called reset g§thi¢ Let the
measurements of the complete quantized radiation field

FIG. 2. Schematic picture of a possible experimental setup. Thé47-broadband detectpbe performed in rapid succession at
atom at the origin emits photons in all directions. In the solid angletimessy, . . . ,s,. The state at timé=s,, of the subensemble
Qg a broadband detector performs time-resolved measurements dar which in all these measurements no photon has been
the photons. A spectrometer is placed in the solid afipie found is denoted by(s,|), whered stands for empty set,
and in a suitable interaction picture it is given in terms of the
nprojection operatoP, onto the vacuum state of the quantized

observed by a broadband photon counter. In fact, differe SO
[adiation field as

possible evolution equations belong to different detectio
schemes, e.g., quantum diffusion equations to homodyne or o : :
heterodyne detection instead of photon counting. We first P(sal@)=PoUi (S0 8n-1)Fo" - - ol (81,00p(0)
derive expressions for the expectation of conditional spectra, XU(s1,00Pg- - - PoU[(5,50- )P0, (1)
under the condition of given detection times in the broad-

band detector in the solid ang{@g and then average by a according to the von Neumann-dlers projection postulate
simulation procedure over many sequences of detectioy7] The normalization is chosen such that the trace of
times compatible with the given light period. p(s4|D) is just the relative size of this subensemble, i.e., the
For resonance-fluorescence spectra of ébenpleteen-  ,opapility for this event. This probability, and thus the trace,
semble simulation approaches have already been discussggcreases with successive measurements since those systems
by other authorg12,13. But questions conceming single \yhich have emitted a photon leave the subensemble. The
systems and conditional spectra have not been treated andiiit,q differences,—s,_; of two successive measurements
is not obvious whether or not the results of R¢&2,13 can 45 tg he small compared to all time constants of the atomic
be used for such questiops4]. The results for the emission (ime eyolution, to ensure that at most one photon is emitted

spectrum in Ref[12] turn out to be a special case of our j, the time intervals, ;,s.]. If the initial state is of the
general equations in Sec. Il below, although our methods arg, .,

completely different.

The approach presented in this paper gives the evolution 0)=0,|0.)(0 2
equations necessary for the calculation of conditional p(0)=paB[0,)(0,/, @
resonance-fluorescence spectra. It is based on physically o

servable quantitiegphoton numbepsand is easily general- state, one can now calculakgU (s, ,s._;)P in second or-

|z_ed to other spectra, such as the absorption spectrum Ofc?er perturbation theory. Settinig- s, one finds an expression
single atom, and it can also be used for efficient Wave- ¢ e form[15]

function simulations of these quantities for the complete en-
semble. This may be interesting for the application to com-
plex systems with a large number of energy levels.

Our paper is organized as follows. In Sec. Il we general- . . :
ize the quantum jump approach and develop a theory for thg] a coarse-grained time scale this can be expressed as
calculation of conditional resonance-fluorescence spectra. i
Genera!|zat|ons to other quantities, such as, for exqmple, the p(t| D)= — _{Hredp(t|@)_p(t|@)H:ed _ (4)
absorption spectra, are given. In Sec. Il the theory is used to fi
investigate the spectrum of resonance fluorescence of a
singleV system in a light period. We find that such a spec-This presupposes that the time evolutibhey(t,0) maps
trum can differ substantially from that of the complete en-pure states onto pure stafds$]. With the chosen normaliza-
semble. In particular, the narrow peak which we recentlytion of p(t|<) the probability to find no photon if0,t] for
found in the spectrum of resonance fluorescence of the con& single atom is given by
plete ensemble o systemg9] can vanish. We show that
the reason is not a spectral broadening due to the finite length Po(t|p(0)) =tr{p(t|)}, 5)
of the light periods — for this broadening can be made neg-
ligible by considering sufficiently long light periods — but wherep(0) is the initial state at=0.
rather to the fact that the resonance fluorescence in light If a photon is detected in the measurement at tmebut
periods is not modulated anymore by intermittent dark peri-not before, the reset state after this detection is givefilhy

Pé., the quantized radiation field is initially in the vacuum

p(t| @) =U,4(t,0)p(0)UT4(t,0). &)
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pr(sy) =tre{(1=Po)U, (s, 1Sn71)P(Sn71|@)U|T(Sn \Sn—1) the projection operator onto the vacuum state for all modes
with k e Qg and with the abbreviation
X (1=Fo)}ePy, (6)
Mp

where again the normalization is such that the trace of %EPOQBU(LSQH)E Poo U(sg.s¢-1) (10
p(S,) is the probability for this event. It is assumed here that -1
the detector absorbs the photon during the measurement prg-_ .. “t<
cess. Then the state after the detection is of the f@nand We find, forty<t<tp.s,
one proceeds with Eq(3) to continue the time evolution p(tlty to, .. )= Ap(ty+0lty, ... to_1). 2T, (1)
until the next detection of a photon. Equatié®) can be
calculated in first order perturbation theory and one obtaingvhere p(t,+0|ty, ... t,_;) is the state right after the de-

an expression of the forfi1] tection of a photon i)y ; it is recursively given by
pr('[)=[/8p(5n,1|®), (7 P(tn+0|tlv cootno1)

where.72 is a suitable superoperator.. 8 maps pure states EtrgB{(Jl— }POQB)U(tn ,521:1)
onto pure states one can find an oper&aosuch that
) Xp(sp [ty -+t DUt sy 1) (1= Pog )}
t)=Cp(t|)C". 8
pr(t) p( | ) (8) ®P0QB- (12)

With the help of(3) and (7) or (4) and (8) one can now ) )
calculate the state of the atom for a given set of detectiofiere tro { } denotes the partial trace over all modes with a
times,t;,t,, ..., say. On the@ther hand, one can also simu- k vector that points into the solid ang{ez . As in the usual
late the emission path of a single radiating atom with thequantum jump approach, at this point the assumption enters
help of the distribution of emission times derived from that the photons detected in the broadband detector are ab-
Po(t). If one would try to measure the spectrum of thesesorbed during the measurement as in a real counter. One can
photons one would find it extremely broadened, due to thehow, however, that this assumption is not necessary for ob-
time-energy uncertainty relation. taining the equations of motion of this sectifb].

In the following we are going to derive the equations of

A. Generalization of the quantum jump approach motion for the quantity9) and, more generally, for

We now restrict the time-resolved broadband measure- tr{a), eanp(t|ty,ts, ...}, (13
ments to some solid angl@g, as in Fig. 2. If a photon is
found, and absorbed, one has to project onto the vacuumvhere
state for all modes whodevector points into the solid angle
Qg to all other modes one has to apply the identity opera- 0=(011,022,033,021,03,013,012,023,03)"  (14)
tor. Hence one cannot assume that the complete quantized )
radiation field is in the vacuum state as in the usual quanturtf & vector whose components are the atomic operators
jump approach. For the conditional spectrum (ry we .
choose the photon number of particular modes as observ- ‘Tii:|'><1|- (19
ables[14] and consider the subensemble where photons ar .
found in the broadband detector at tintgs . .. t,<t and 8ne obtaing(9) from (13) through
no photons in all intervening measurements at tinsbs 3
et tirali=1, ... My, with sg=t,. As in the usual S (w,k\,t)=> tr{a], (0)0ii(0)an(0)p(t]ty,ts, .. .)}.
quantum jump approach we assume that sfig, — s\ are =1
smaller than all the time constants of the atomic time evolu- (16)
tion, but larger than the inverse transition frequencies. The

density operator for this subensemble, in a suitable interac- Now we are going to derive the equations of motion of
tion picture, is denoted by(t|t, .t,, . . . ), where again the (13) for the V system of Fig. 1, with one metastable upper

level and driven by two lasers. The Hamiltonian in the

gstrar:slization is such that the trace is the probability of thiSSchr"cdinger picture for this system is given bg9]
We now define the conditional quantity H=HgystHa, +Hag, (17)
Scond @, KN ) =i tr{al (0)an (0)p(tity ta, - .>},(9) where
~ . 3
bointing nto the sald angléds of the Spectrometer. The How= 2, Roull+ & fondhan

conditional spectrum of resonance fluorescence is now ob-
tained by summing over all vectoksin Q5. For the calcu- +

h i
: _ =Q;(liY(1]e "'+ H.c), (19
lation of (9) we need the statp(t|t;,t5, ...). With Poa, =22
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tI’]
= 5, tlguanl o), 49 a0t =, 3 a2 0t at
KNe Qg Smy_y Smy_y
- X/rei(wk)\fﬂ)z)(t'7t”)0,12(0)
Hog= 2 #ligaaanl2)(1l+He). (20 )
krels Xp(sm It th-1)021(0).
HereQ; is the Rabi frequency of the lasewith frequency (29

@; driving thei«< 1 transition whose transition frequency is
wj,. The coupling constant of the«<21 transition to the In the Markov approximation this yields

guantized radiation field is given by
p(ta+0|ty, ... th_1)=Cp(tylts, ... thn_1)CT, (30

e Wi\ .
gin= 2e PP Dj1, (21) with

where g, is the polarization vector of the quantized mode C =12l0,0140) (31)
k\, D;;=(i|X|1) is the transition dipole moment of the

i —1 transition, and/ the quantization volume, later taken to and

infinity. It is convenient to go over to an interaction picture

with respect to y 0l dQ e 3
o= TorZed? ), 4221~ kD). (32
_ T N
Ho—i:E2 hw.|l><l|+% fr iy Ay By - (22 If Qg is 4, then FQ is just half the Einstein coefficient

A=2T,, of the 2<—>1 transition. FQ IT",, is the average
We then obtain the Hamiltonian in the interaction picture asatio of all scattered photons that are detected by the broad-
band detector. Witt§30) we have shown that the operations
Hi=Hgys t*Ha 1 +Haog 1, (23)  of taking the partial trace and multiplication with the projec-
tion operatoﬂPoQB can be abbreviated in Markov approxima-
with tion by the action ofC and C'. This allows us to rewrite
p(t|t;,t5, ...), andupon inserting it intd13) we obtain for

o f , , (13) the following form. To simplify notation we introduce
Hsys) = _242 hAi||>(||+Z,2 EQi(“)( +[1)¢D, for any operatoiQ the operatoQ®(t) by
(24) 0 +
Q™ (H)=U,(t,00Pp0,QFo0,U(t,0) (33
_ H —i(wgy— @)t
H(ZB'l_k)\;lB fi(iginanl2)( e a2+ H.c), and use the subscript to label a certain fixed mode with
(25)  wave vectork and polarizatiorn. With the abbreviation
n My
HQS,I:k}\EQ fi(iginaun2)( e (“n"®2'+He) 7 ::J'Ho ]POQB(S?)kHO C(Sk+l)1_[0 Poq,(s)
ellg i gl -
(26 (34
and the detuning wherePyq (t) andC(t) are defined similar t¢33) without

. Poq.(t), we then find for(13)
Aj= o~ oj;. (27 ®
tr{aj;(0) o(0)ay(0)p(tfty,tp, .. .)}
B. The state after the detection of a photon
in the broadband detector =(7N(al,oay)°()7,). (35
First we simplify the state after the detection of a photon
in the broadband detector which is given ). To this end  Note that the expectation value on the right is taken in the
we evaluatel(t,,sp, ! ) in first order perturbation theory, statep(0) while the left hand side aiy) is the expectation
insert it in (12), and keep onIy those contributions that areValue ofaj;(0)a(0)aw(0) in the state(tlty.t, . ..).
proportional toAt=t,—sp ~ . Since
C. No-photon time evolution
(I_POQB)HI(t)POQB:(]_POQB)HIPOQB(UPOQB (28) We are interested in the time evolution &5) between
successive detections and therefore we calculate the time de-
we find rivative of the operator
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d i anPoa.=Pon.aj, =0 (37
G (@hoaw) (0= 2 [Hi(1),(ahoay)(V], (30 K0 08T
for Which we will de_rive a Heisenberg—La}ngevin equation. yne obtains
Inserting(23) and using fork € Qg the relations
d t 0 i t 0 —i(wpy— @)t ot 0
a(amﬂam) (t)zg[Hsst(t)a(aMO'aM) (t)]"‘%; gne T2 (ay o0am) (D ag ()
+ g€l (1) (afjo0an) () — D gan(ahoaioay) (D) ag, (e (Ca ot
Kh kNelQg
— 2 gaah(@hooay) (el @n2t—gy oy aay)O(t)e (om ot
kheQg
—gu(af oo (Hay (et (38)
|
The last two terms already show that we will not find an Qu(t)=(a},oay)°(1), (43)
equation for QIA oay,)°(t) alone, but a coupled set of equa- _ y _
tions with the operators dfay)°(t), (a,0)°(t), and With A=wy—a,, and the Langevin terms
(0)°(t). Since the calculations are all very similar we will
not give them explicitly. Now one inserts Fi(t)=Q;(t)oa1(t) E4(t) + Ec(t) o1o(1) Q;(1)
t : N —on()Qi()Ean () —Eco (DQi(Do1t), (49
2 (1) =2, (0)~ i f dt’ oyg(t))el( =82 (39 AR s
0 with
and its Hermitian conjugate in{@8) and applies the Markov
approximation. To simplify the notation we introduce the ab- o — B
bfepviations P Ea(t):EI(t)E% Ui (0)e (@2t (45)
Qu(t)=() (1), (40) . i
| Ean(D=Elo (D=2 g (0)e (a2,
Qu(t)=(oay)’(t)e ', (41) khelis
(46)
Qa(t) = (ayo)°(t)e', (42 We define the 9 matrix Mg, With Agy=A3—A,,
0 2l0 0 i1Q,/2 0 —iQ3/2 —iQ,/2 0 i1Q5/2
0 =25, 0 —iQ,/2 0 0 i1Q,/2 0 0
0 0 0 0 0 iQ4/2 0 0 —iQ3/2
Q0,2 —iQ,/2 0 Iyo—iAy 0 0 0 —iQ3/2 0
Mo = 0 0 0 0 —T'y—iAg 0 —iQ3/2 0 —iQ,/2
—iQ3/2 0 iQ5/2 0 0 iAg 0 iQ,/2 0
—iQs/2 10,2 0 0 —iQ3/2 0 —TytiA, 0 0
0 0 0 —iQ4/2 0 iQ,/2 0 Ty tilAg, 0
1052 0 —iQ3/2 0 —iQ,/2 0 0 0 —iAj

(47)
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and the matrice¥ and W whose coefficients are zero, ex- d " 7 . 7 " 7
cept for a(;’%nX(t).Wn) = LQS(.Z//)nX(t).’/)n> + (!/)nFQS(t)!/)n>.
(5D
Vi7==0Oms; V41=—0u, Vos=—0um, (48)

D. Discussion of Langevin terms

Wis=—0u, Wes=—0du, W;o=—0gu. (49 ) I .
14~ 70w 68~ O 72- O 49 We now deal with the second contribution on the right

We then find the Heisenberg-Langevin equations har_1d sid_e 0(51)._ We are g(_)ing_to show that it i_s negligible,
which will considerably simplify the integration of51).
Mg 0 0 0 SinceFQS(t) is linear inay, (0) andaIA(O) and the expec-
Q ° Al tation value is taken in the stag€0) given by(2) with the
d Q2 ()= V. Mg —iAl 0 0 quantized radiation field in its vacuum sta{&q (t)) van-
dt| Qs w 0 Mo +iAl 0 ishes. However, the vanishing WﬁFQS(t);’//’Q is not obvi-
Q. 0 W i M ous since they,, (0) andal)\(O) do not act on the vacuum
Qg

state directly, but on the operateft, . In the following, how-
ever, we will show that it is possible i/Fqo (t)74) to

F
@ Fl commute theE,(t) and Eaﬂs(t) — which containay, (0)
% Q2 o+ 2w anday, (0) — to the right and th&(t) andEcq (1) to the
Qs Fa left where they act op(0) and vanish. To this end we have
Q4 Fa4 to evaluate commutators with the operatdb%@s(t’) and
C(t") which occur in7,,. We only show explicitly how to
=L X(t)+Fa 1), (50)  deal with the commutator

where we introduced the abbreviations,, X(t), and [Ea(t),Poqa,(S2)IPoa,(S1)
FQS(t) to shorten notation. As already mentioned above there
is no closed equation foraf, oa,,)°(t) alone, but a set of =% gae (P2 a, (0),  Pog (S2)]Poq,(S1),
coupled equations together withaf 0)°(t), (oay,)°(t), (52)
and (o)°(t).

We now insert the Heisenberg-Langevin equations intovheres; and s, are subsequent measurement times with
the time derivative of the right hand side of E@5). We  s,—S;>w,".
then find Using (39) for a,, (0) we obtain

So ) . ,
[Ea(t)y]POQB(SZ)]]POQB(Sl):%:4 gkxzfo dt’ e (=8 g5(t'), Poq (S2)]

XPong(s1)= 2 GiaPony(S)au(s)e™ 082 Pog,(s). (53
€l

The integrand on the right hand side contains a function ofnserting(39) into (53) again and using
the form

S1
K(t—t/)E% gk)\Ze—i(wk}\—le)(t—t'), (54) fo dt’ k(t—t")=0,

which rapidly falls off in t—t’ and is negligible for because of—s;>w ™!, we then find
|t—t|> w5 [20]. Therefore we find that
s [Ea(t), Poag(s2)1Poa,(S1)
Fzzg(t—sz)zj dt’ «(t—t') (55
° =T0,9(t—5»)Pon,(S5)Pon, (1), (57)
is negligible fort—s,> wz’ll, andg(0) is of the order of 1
[20]. Sincex(t—t") is peaked we also find and by analogous calculations

S2
fo At (=t Loadt) Foag(sp)] Pony (5[ Pon, (5, Ec(D)]

=I'20(t=5;),[01AS2) . Pon,(s2)]=0. (56) =I'0,9(t=52)Pon,(S2) Pon,(S1), (58)
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[Eand(t).Pon,(S2) 1Pon,(S1)
E. The waiting-time distribution
=T 9(t=52)Poa,(2)Pony(s1), (39 After the time evolution between detections in the broad-

band detector and the state after the detection we now deter-
mine the probability distribution for the detection times in

Poag(S)[Fong(S2) . Ecag] the broadband detector, also called waiting-time distribution.
We define the column vector by |;=I,=13=1],="---
=0 9(t=52)Pon (S2)Pong(S1), (600  =]|;=0, and the state
[Ea(),CT()1=T20(t = $5) (011~ 02)(S2). 61 Xttt I=(AXOS)
= eLQS(t*tn)ReLQS(tn*tnfl). . ReLQStlx(O)_
[C(t2),Ec(t)]=T 29(t =) (011~ 022 (S2), (62 (67)
N The probability Py(t|t;, ... t,) to find no photon in the
[Ean (1),C (1) =T o 9(t=82) (011~ 022 (S2), (63 interval (t,,,t], under the condition that one has found pho-
tons at the times,, ... t,, is then given by
[C(s2),Eco (1) ]=T'0 9(t=S5) (011~ 029)(Sy). (64) Po(tlty, .. 1)
Inserting these commutators {li’r/ﬁFQS(t).@n) we find that . ebodt-tReladth—ta-1). . . ReL adix(0)
only a contribution proportional t(Fzzg(t—s“mn) survives. = I.ReCotn— 1. .- ReLadix(0)
This can be neglected in the time evolution since
I'>0(t—sp, ) is of the order of 1 fort—sf, <w,,' and is _ bty ) 69
negligible for t—sf, >w," so that its contribution to - RX(tplty, - ta-1)

(ZAX(1) ) for t—sp > w5 is of the order ofl y/wy1,  which is just the trace over the atomic density matrix under

which is extremely small. Therefore we can neglect thethe assumption that no photon has been found jrt{. The

Langevin term(;ﬂ%lX(t);ﬂ%n) in the following. probability density for the detection of a photon at titnis
Thus we have shown that the time evolution 1@5), then given by

under the condition that no photon has been found in the

broadband detector in the intervdl,(t], is given by d
h Il(t|t1,...,tn):—aPo(thl,...,tn)

T OLRX(tty, .t

d
FAXWOF) =L ZXWF). (65) I Log(tts, ... o)

For the staté.”/ X(t,+0)7,) after the detection of a photon

I-Rx(t|ty, ...t
at timet, in the broadband detector we find witB0), or =2 Og] (tfty ) , (69
directly from (35), (77 _,C1(t,)X(t,)C(t,)Z_1). This can Rx(tolty, - th-a)
be rewritten as whereL§, |=—2T R*| as well asl';,—I'g =T, have
been used.
<:9/>$X(tn+0):9/>n)=2FQBR(;’7)EX(tn):%)n), (66) A simulation of a possible detection path runs as follows.
The detection timet,,; is produced according to the
where R has matrix elements R;,=Rjp1:=Rig20 probability density I,(t|t;, ... t,), and the state

=Ry21 and zero otherwise. If one only considers the(7IX(t,, 1)) at this time is calculated. Witt66) one also
time evolution of 7 a(t)7,), i.e., for the state of the atom, obtains the state after the detection. This is repeated until a
and if one assumes ambroadband counter, thei65) and  previously given time is reached. If one averages over in-
(66) reduce to the ordinary quantum jump approach. finitely many paths then one obtains

_ ~ t to
X (t)=Po(t)x(t)+n§1 fo dt,- - - fo dty Po(tfty, ...t la(tplty, o tm ) - - - T(t)X(tty, ... ty)

ot t
—elady(0)+ ) f dt, - --fz dt; ehodt (2T R)- - - (2T R)e-0dix(0)
=1 Jo 0

=ellog2Ta Rty (). (70)
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¢ _iHred 0 d’
4/)(”:( e —iHred—iA)<¢>(”’ (73

SinceLQSvL ZFQBR is just the time evolution with no broad-

band detector present, we find tixgt) is just the state of the dt
complete ensemble at tine

In the next section we will be interested in the calculationwhere
of the emission spectrum when the atom is in a light period

of length at leasT. This can be done as follows. We define 0 & %

a light period as a sequence of detection times where subse- 2 2 01 0
quent detections are separated by less than a given time Q, T A 0 o 0o o
To. A simulation of such a sequence would now proceed Hred=| 5 22 =2 , C= ’
recursively as follows. It;, ... t, have already been con- Q5 0 0O
structed, we produce a random detection time; with the > 0 —Aj

help of the probability density, (t|t,, ... t,) and calculate (74)

the state at time,, 1 as above. If,,, ;=T andT—t,<T, we

terminate the construction and save the sequence. Hnd right after a detection
th+1=T but T—t,=T, we stop and discard the sequence. If ® c o\/e
t,+1<T we go on to producg,,,. Repeating this infinitely ( t +0)=2T2, ( )( ) t. 75
often and averaging over all saved results we obtain for ¥ (ta+0) 20 cl\y (tn) 79

<T i
t<T, instead of(70), In terms of ¢ ¢, &7 ¢, ¢ &), and i ¢; we then define

o the 36-column vectox(t|ty,t,, ...) by
XL(U:{GL“SIXTO(U X(tty g, )
oot t =(PT 1, - BT, W DL, TP,
+ fdtnmfz dt; etodtt) ' ' ' ' (76)
n=1Jo 0
where the ordering is that of E¢l4). It now follows from
X (2T R)--- (2l R)etas Egs. (73) and (75) by straightforward calculation for small
Q¢ thatX satisfies the same equations, E@&) and(66), as
X(t|t1,t5, .. .) does. Furthermore, i(0) is a pure state,
Xxry(t=ty)- ~xT0<tl>]x<0>, 7y Ut WO)isap
p(o):|07>|(PA><(PA|<07|!
where we choose as initial conditions
1 for 7<T, . $1(0)=(i|@a),
X1 0=] 0 otherwise. (73 :(0)=0.

This is the state, for<T, of the subensemble which is in a Thenx satisfies the same initial condition &s as apparent
light period (defined byT,) of minimum lengthT. from Egs. (40—(43), and since they also satisfy the same

With the simulation approaches explained above and théme evolution they coincide. Thus for small spectrometer
averaged result§0) and(71) to which they lead we are able aperture and pure initial statg0) it suffices to solve wave-
to investigate the emission spectra of single radiating atomgunction equations.

From Eq.(71) it becomes apparent that the careful analy- Equations(73)—(75) have the same form as those in Ref.
sis given here is necessary because the reg(il) depends [12], but the derivation is completely different. Thus the ex-
on the decomposition of the operatorinto Lo andR. pressions of Ref.12] are special cases (5) and(66) for a
negligible spectrometer aperture. Unlike Reif2], we have
derived(65) and(66) without having to invoke the theory of
continuous measurement of Srinivas and Day&H to in-
terpret the meaning of the equations. Also, the generalization

Until now we have calculated with the nine-componentof the theory to the description of different kinds of spectra is
guantities, such as, for example,and their expectation val- very straightforward in our approach. As an example we
ues. That means that we deal with density matrices. In facshow how to extend it to absorption spectra.
this is necessary since for a finite value(®§ the time evo-
lution always produces mixed states since we trace over all G. The absorption spectrum of a single atom
possible events in the spectrometer. However, if one assumes again we treat thé/ system depicted in Fig. 1. The sys-
a small spectrometer aperture, i.8.5 small, then it is pos-  tem is now probed by a weak laser which we model here by
sible to simplify the calculations by working with wave func- 5 modeP which is in a coherent state of amplitude at
tions, because then we may neglBef.. This can be seenas t—q. All other modes are initially assumed to be in the
follows. For a given sequence of detection times,vacuum state. In order to apply the above theory we perform
t;,to, ..., in thebroadband counter, we consider the three-a unitary transformation which maps the initial state of the
component column vectore(t) and ¢f{t) satisfying, be- quantized radiation field onto the vacuum. This is achieved
tween detections, the equation by the Mollow transformation

F. Wave-function approach
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D(t)=D(ape'*P')=explapaje '~ apape "'},

7 M= A SO U+ L)

for which ] ) . ) t

+ 2 iiginanl2)( e w2t —igy,al 1)

|ape™'PY=D(ape'“P")|0). (79 K
X< 2|e+i(wk>\*5’2)t}

We now turn to the transformed states
*

| (1))=DT(ape™ P | y(1)), (79 +ﬁ7P|2>< 1|e_'(“’P_“’2”+ﬁ7P|l>< 2eltepm @2,

and in the new picture we go over to an interaction picture (82)

with respect to whereQp=2igpap. Now the approach derived in this sec-

3 tion applies since in the transformed picture the initial state
Ho=S 2odidil+> Zowal a. . 80 is pp(0)=pa®]0,)(0,|. Because the only change in the
0 22 aili )l % @i (80 Hamiltonian is an additional classical field (&1) compared
to (23), we immediately obtain for the time evolution be-

We then find the new Hamiltonian tween successive detections
|
(A7) [Madt 0 0 0\ [(ZIQuvi7y)
d | (73Qa(1)7%) V. Mo(t)=ial 0 0 (73Qa()7%) .
dt| (ZIQsh7y | | w 0 Mot +iAl 0 (71Qs():7) |
(7Qu() %) 0 W v Mo (1) | | (Z2Qa(H)7%)
where
Mo ()=Mq_+P(1), (83)
with
0 0 0 f(1) 0 0 f* (1) 0 0
0 0 0 —f(t) 0 0 —f*(t) O 0
0 0 0 0 0 0 0 0 0
—f*() f*(t) O 0 0 0 0 0 0
P(t)= 0 O 0 © 0 0 0 0 —f(v) (84)
0 0 0 0 0 0 0 f(t) 0
—f(t) f(t) O 0 0 0 0 0 0
0 0 0 0 0 —f*(1) 0 0 0
0 0 0 0 f* (1) 0 0 0 0
and
Qp iAt
f(t)=i 76 .

The contributionP(t) is due to the additional classical field in the Hamiltonian (81). We immediately obtain for the state after
the detection of a photon

(71Qu(ta +0)7%,) R 0 0 0\ [(ZQut)7)
(71 Qy(ty+0) 7 0 R 0 0| (7ZQu(tn) 7%
(AQs(ta+0)7) | Tagl 0 0 R 0 (71 Qa(t) 7 | ®9
(73Qu(ty +0)7%) 0 0 0 R/ \(71Qu(t))77)
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since in its derivation the classical fields are irrelevant. As El m(tat0)=2Tq ZE, u(t,). (92
for the emission spectrum it is possible to go over to a wave- ' 8 ’
function description as it73)—(75) if the solid angle cov- After having shown how to derive the correct simulation

ered by the spectrometer is negligible, i.e., in the case of thequations for the resonance-fluorescence spectrum of a
absorption spectrum the divergence of the laser has to hsingle atom and possible extensions to other spectra we are
small because we are now interested only in the weak lasefiow going to apply the theory to the spectrum of resonance
We define the absorption spectrum by the chaAdit)  fluorescence of & system with one metastable transition.

of the expectation value of the photon number in the probeThe results are presented in the next section.

divided by the elapsed timg

Il. THE RESONANCE-FLUORESCENCE SPECTRUM
AN(t) = N~ N(O) (86) OF A SINGLE V SYSTEM

t
In Sec. Il of this paper we have derived simulation equa-

If AN(t)>0 one has amplification, iAN(t)<0 one has tions for atoms on which both time-resolved as well as spec-
absorption of the probe. For the calculation ®N(t) we trally resolved measurements are performed simultaneously.
need the photon number operatérin the transformed pic- We now turn to an application of the theory. We investigate

ture. One obtains the spectrum of resonance fluorescence d system with
. one metastable transition and irradiated by two lagsee
N(t)=UJ(t,0DT(ape P atapD(ape P Uq(t,0) Fig. 1). For suitable parameters such a system is known to
: : . 5 exhibit light and dark periods in its resonance fluorescence.
=apaptapaptapapt|ap|®. (87)  We are interested both in the spectrum of resonance fluores-

. , , cence of the complete ensemble as well as that for a sihgle
From this we find the photon number in the probe mode tQ gtem in a light period. In the following we assume that the

be spectrometer is very small)Xs is negligible so that we can
3 use Eqgs(73)—(75) instead of the more general Eq65)—
N(t)= ap|2Xi (1) + Xors i (1) + apXygs i (1) (66). This has the advantage that the simulations are much
( 21 {arl™, 21+ PXasil faster because Eq&73)—(75) describe the time evolution of

a state vector with six elements while E¢85) and(66) deal
with a vector with 36 components.

The spectrum of resonance fluorescence of an ensemble
of V systems with one metastable transition driven by two
lasers has recently been discussed bj@lisNe give here the

Q% o _ analytic expressions and a brief discussion. For details we
A(A)= RGTL dr €27([0p1(7),0140))ss, (89  refer to Ref[9]. We assume that the conditions

1 16 AT+ [Q35+4A5(A,—Ag)]?

+apXgy (D)} (89

It can be shown that for sufficiently large times the ab-
sorption spectrum defined K@6) coincides with

which can be found, for example, in R¢22]. Q§<4 T2+ (A A2 (93
Therefore we have shown how to derive simulation equa- 22t (A2~ A3)

tions for the absorption spectrum from the basic definitiongng

(86), instead of starting from the final resul89) as, for

example, in Ref[12]. The treatment of the absorption spec- Q%Q%Pzz

trum also shows how different nonclassical probe beams can RS 16 A2+ {Q2+ 4 A5(A,— Ay)l2 (94)

be incorporated. For example, starting with an initially

squeezed probe mode we may go over via the squeeziraye satisfied. In this parameter range intermittent fluores-

operator to a picture where the mode is in the vacuum stateence occurs and stimulated transitions on the13domi-

and apply the formalism again. nate Eq.(94). The normalized spectrum of resonance fluo-
As a last extension of the treatment of the resonancerescenceS(A) of the strong 2-1 transition is given by

fluorescence spectrum we turn to the higher order correla-

tions between different photon number states of the méde _ 1 - —iAr
They are described by the quantities S(4) T35 Rel, dr{o2i(n)(0))ss
EI,m(t)Etr{(aI/l)la'(aM)mei(l_m)AtP(t“ltha c) :SMoIIow(A)_FScoh(A)'*'SpeaI(A)a (95
(90)

where the expectation value is performed in the steady state
The time evolution between successive detections in thef the atom ancbgrf is the steady-state population in level 2.
broadband detector is given by With the abbreviations

d _ B=-202%+6T3,—2A3, (96)
G Em(O =M Fi(1=M)AFE, (1) + Mgy VE) m-1(t)
C=Q5+205'5,+9T5,+A5+2A205—6T3,A3,

+IgMWE| -1 m(1) 91 97

and the state right after detectiontatis given by D=T5,(Q5+2A5+2T%,)?, (98)
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AT TEI(A0— 892+ T 5[ (Q5— A5+ 48,04)°+ 16AST)

" Q305T A OF+2A5+4A5- 400, +4T5) ' (99)

. 20503 ,)(2A%+4A5—4A A5+ Q5+ 4T'5,)
PU(Q5—4A5+4A,A5)%+ 16 AT5,](Q5+2A5+2T5,)

(100

one then obtains, under the conditio(®3) and (94), the  Usually the time constant, is chosen to be a few lifetimes
approximate result of the fluorescing level[here level 2 with lifetime
s X 5 1/(2T ) ]. However, we would like to choose arbitrary val-
s Ao [205(Q5+2A7+817) lop Ues forTo because this enables us to investigate the transi-
TSwoliow(A) = 2(A®+BA*+CA%+D) ’ (10 tion from the complete ensembl& =) to the ensemble in
a light period (T is equal to a few lifetimes of level)2oy
2(A3+T3) sA simply changingTy. _ _
4F§2+Q§+2A§+4A§—4A2A3 (4), With the 'help ofPQ(t) and'lll(t) given in (68) and (69)
and for a given maximal waiting tim&,, we find for the
(102 ;
mean length of a dark period

TSeor(A) =T

A5 , .
TSpeal A) = 17 17 (103 [T,dt V1) 7 dt Po(t)
" TolTo = a1 T Pyl

for the normalized spectrum of resonance fluorescence. (104
There are three distinct contributior&,gow(A) is the well-

known three-peaked Mollow spectrurgy(A) is the Ray-  ForT,>T,, the second term is easily evaluated. Then in the
leigh peak and5,c,(A) is an extremely narrow peak in the integrand only a single exponential of the form
resonance-fluorescence spectrum o¥ asystem which we pexp{—2|lm\4|t'} is relevant where\; is the eigenvalue of
have recently discussed in R¢B]. The widthI", of this  H__,in (74) with smallest imaginary part. All other exponen-

narrow peak is just the sum of the inverse lengths of lightjals in P,(t’) have essentially dropped off to 0 so that
and dark periodsl’,=1/Tp+1/T , that occur in the inten-  p(t’) is of the form

sity of resonance fluorescence of the strorg P transition.
In Fig. 3 we have plotted the spectrum of resonance fluores- Po(t')=pe PImult for t>T,>T,t. (109
cence for the parameter®,=2T1,,, Q3=0.2",,, and
A_2_=A3=0. The Ias<_—:tr driving 'Fheé_bl transition is not suf- " Thus one obtains
ficiently strong for sidebands in the spectrum to become vis-
ible [23], whereas the narrow peak is easily seen in this plot. 1
The origin of the peak can be traced back to the modulation To(To)=To+ =——=To+Tp. (106)
of the resonance-fluorescence due to light and dark periods. |2 1A,
A simplified model of resonance fluorescence simulating this
modulation by a classical stochastic process is able to reprdin analytical expression fofp, valid under the conditions
duce the narrow peak in the resonance-fluorescence spe@3 and(94), is the eigenvalue with the smallest imaginary
trum. For a more detailed account of this see ReF. part of H,.q and is given in(109 below. The mean time
In the following we are going to investigate the between successive emissions in a light period is
resonance-fluorescence spectrum of\thgystem for the pa-
rameters given in Fig. 3, but now instead of calculating the fgo dt’ t'l(t")
spectrum of resonance fluorescence for the complete en- (To)=—m
semble we restrict ourselves Yosystems in a light period. Jo” dt 14(t")
For this purpose we need the theory developed in Sec. II. At
first glance one is tempted to expect that the spectrum oind thus the mean length of a light period, for giviy) is
resonance fluorescence will not change when observed only
in a Ion_g Iight perioq becal_Jse, intuitively, all photons are - _ 7.(To) _ 7.(To) ToTo
emitted in a light period. This, however, turns out to be not L(To) Po(To) p e
true. In the following we will exhibit this numerically and
give a physical explanation for this behavior. =(Tp+Te™To—(Tp+Ty) (108
In our simulation we slightly generalize the notion of a
light period in a way suitable for our purposes. Given a timefor Py(Tg)<<1. If both light and dark periods have mean
differenceT, we call a sequence of photon emissions a lightlengths which are much longer than the lifetime of level 2,
period if the time interval between subsequent emissions ithen one can make the usual choige< T, T, and one has
always smaller thaify. A time interval between successive Tp(Tg)=Tp and T, (To)=T,. For theV system we find
emissions that is longer than, is then called a dark period. under the conditions of Eq$93) and (94)

(107)
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Q,=2T, ©,=2T, A=A4=0 ligible. In Fig. 5 one sees that th_e gr_npl_ltude of the narrow
‘ : , ‘ : : peak rapidly decreases with diminishing values Tf.
1.28 . exact i Therefore, by observing the resonance-fluorescence spectrum
« approximation exclusively in a light period, one destroys the narrow peak in

the spectrum. One also sees from Fig. 5 that only the narrow
central peak is significantly affected by the restriction to light
periods. ForA=0.1I",, the spectra for different, coincide
almost exactly. Because of the long measurement fime
chosen here the vanishing of the narrow central peak is not
due to a broadening of the spectrum by the time-energy un-
certainty relation.

Since light periods with length$=15 00(1“2_21 are rare
we also present results for light periods whose lengths are at
least T=2800",,', T=1500",,", or T=100",,". From
the fact that the lengths of the light and dark periods approxi-
mately obey a Poissonian distribution we easily find that

000, 095 10 05 00 05 10 15 20 light periods of length of at least =100, are quite
A[T, 1 probable. For example, foF,=75I",, the probability for a
light period with length exceeding’=100(l“2‘21 is 0.268,

FIG. 3. The steady-state spectrum of resonance fluorescence f@fhich is quite large. Of course, in these cases we have, due
an ensemble ofV systems for ),=2I'5,,05=0.2", and  tg the shorter measurement intervéngth is at leasT), a
A;=A3=0. There is a narrow peak at the origin. The approximatenoticeable broadened Rayleigh peak whose width is essen-
r_esults (doty coincide very well with the exact spectrufsolid tially proportional to 1T. But as one sees from Figs. 6—8,
line). the narrow peak is still there and also its characteristic de-
pendence o is clearly visible.

These results can now immediately be carried over to a
single V system. For suitable parameters such a system ex-
hibits, when monitored by a broadband detector in the solid

2 A§+2F§2+ Q% angleQg, intermittent light and dark periods._Triggered by .
T === 5T . (110  the detector, one can analyze the spectrum in another solid

2Pt 2(A2=A3) angle() s for sufficiently long light periods at a tim& after
their respective beginning. The mean of these spectra coin-
cides with what we have calculated.

In this section we have presented simulation results for
the resonance-fluorescence spectrum in a light period and
1 have shown that the original narrow peak in the spectrum of

T =150I",; . (11D the complete ensemble becomes smaller and finally disap-
) . pears for increasing length of the light period. It is also pos-

We now turn to the simulations of the resonance-gipie to calculate the amplitude and width of the narrow peak
fluorescence spectrum. First we chodgg== so that we a5 g function off,. Since the resulting expressions are quite
should obtain the resonance-fluorescence spectrum of thﬁ)mplex we do not give them here explicitly.
complete ensemble. In fact, a simulation for the parameters ¢ may seem surprising at first glance that the narrow peak
0,=2T5, 03=0.2A",, andA,=A3=0 with 1000 runs, in the resonance-fluorescence spectrum disappears when one
shown in Fig. 4, exhibits very good agreement of the simugpserves the spectrum in a light period instead of looking at
lation results(dotg with the exact resultgsolid line). The  he complete ensemble. However, there is a fairly simple
small d_eviations are _due to the finite number of runs WhiC'"bxplanation for this behavior. In a recent publicat[®h we
results in an uncertainty of about 3%. have shown that the narrow peak in the spectrum of reso-

After having shown that the simulation is able to repro-pance fluorescence can be understood if one models the reso-
duce the resonance-fluorescence spectrum of the complei@nce fluorescence of the system by a radiating two-level
ensemble we now investigate the transition from the comgystem whose resonance fluorescence is randomly turned on
plete ensembleTy=) to the ensemble in a light period anq off. The process of turning the resonance fluorescence on
(To=50T"3y). In Fig. 5 we have plotted the spectrum of anq off is described by a random telegraph process with
resonance fluorescence for the same set of parameters aspBissonian distributions for the jump times from 0 to 1 and
Figs. 3 and 4, but now for finite values df,, i.e., vice versa. This random modulation has the effect that the
To=5005;", 755,100 ;" , 1505, , 20075 . The simula-  Rayleigh peak, which describes the coherent part of the ra-
tion time for each run wa¥ =15 000",,', i.e., we assumed diation scattered by the two-level system, splits into’ a
a light period of at least this length. Of course, light periodsfunction and a narrow Lorentzian. The latter gives rise to the
of such a length, for example, Wiffb=50F;21, are rare, but narrow peak in the spectrum of resonance fluorescence. This
we wanted to first treat the case where spectral broadening ofiodel gives good quantitative agreement with the analytical
the Rayleigh peak due to the finite measurement time is negesults derived from Bloch equations and the quantum re-

1.00

0.75

S(A)

0.50

0.25

_ 16AST 5+ [Q5—4A3(A3—A,)]?
P 2050515, ’

(109

For the parameters used in Fig. 3 we then obtain

Tp=50T,;,
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steady state spectrum of resonance fluorescence simulation of spectra: T =2800 1‘22’1
1.20 T T T T T T T T T
112 | — exact 1 1.40 — T,=150T,
1.04 s SimUlation . ——T,=100T),"
0.96 [ - relative deviation | e To= 75Ty
0.88 | ] 1.20 +—T,= 50T,
0.80 | q
0.72 |+ B 1.00 J
. 064" ]
2 o056 | 1 )
B oasl 1 & 080 .
0.40 r
032t 0.60 - i
0.24 +
0.16
008 pmrt™ . : 40T 1
0.00 P PRiA Begrlr s gn 5
-0.08 L LA o 0.20 ' ‘ ’ ‘ ‘
20 -15 -10 -05 0.0 0.5 1.0 15 2.0 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
AlT,] Al

FIG. 4. Comparison of the exact steady-state spectrum of reso- FIG. 6. Simulation of the spectrum of resonance fluorescence
nance fluorescendsolid line) with the results of a simulation with  for the same parameters as in Fig. 5, but now for light periods with
1000 runs(dotted ling. The parameters are the same as in Fig. 3.lengths longer thaiT = 2800"2," . Because of the shorter light pe-
The relative deviation of the simulation results from the exact re+iods as compared to Fig. 5 the Rayleigh peak is much more broad-
sults is indicated by dots. ened. Again the amplitude of the narrow peak decreasesTith

gression theorem. If we observe the spectrum of resonancg,seq 1o questions about spectral properties of a complete

fluorescence in a light period the resonance fluorescence semble. As is known from a previous paper of i@k

the strong transition is no longer modulated by dark periods, oy hected spectral features can occur in the steady-state

Y;H'Cgr 'Sr;;g;::; tShi?\cZﬁticet r:g?rtowe ezakyilﬁl?hhe F;ezl((:t;in?o semble spectrum of systems which exhibit electron shelv-
9 : P P % g, i.e., macroscopic light and dark periods. It therefore sug-

resonance fluorescence is just the broadeneq part of the Ra&ésts itself to study the spectrum of radiation emitted in a
leigh peak we understand that it must be missing when 0t1g

served in a light period, because there is no modulation o-.ght period. This is a question which can only be studied for
gnt p ' : ingle systems since light and dark periods of different atoms
resonance fluorescence due to dark periods.

in general overlap. In order to know that a driven atom is in
a light period, the emitted photons have to be monitored in a
time-resolved way. To circumvent any problems with the

This paper was motivated by questions about spectraime-energy uncertainty relation we have developed a theory
properties of a single, laser-driven multilevel atom, as op-

IV. DISCUSSION OF RESULTS. CONCLUSIONS

simulation of spectra : T =15000T,,"
125 —— To=00 14
---- T,=200 1‘22‘1
1.10 | T T,=1500,
o T,=100T, 12
——T,=75T,"
095 H T, = 50 rzz-‘ h
FIRTRI
v 1.0
! by - -~
3 0.80 | 3
72 ) w08
0.65 - 1
0.6
050 - 4
0.35 - 1 0.4
0.20 ‘ : w w . 0.2
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
AT, ]

FIG. 5. Simulation of the spectrum of resonance fluorescence in FIG. 7. Same simulation as Fig. 6, but now for light periods
longer thanTzlsoa“gzl. The Rayleigh peak is even more broad-
ened than in Fig. 6. The amplitude of the narrow peak decreases

a light period of lengthT=15 00d",," for different values ofT,
and the parametelQ,=21",,,03=0.2"5,, andA,=A3;=0. With
decreasingdl, the central peak decreases and finally disappears. with T,.

simulation of spectra :

T=1500T,,"

—— T,=150T,,
—— T,=100T,,
——T,=75T,
— T,=50T, B

1
-1
1
-1

0.15

-0.10 -0.05

0.00
A[T,]

0.05 0.10
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The theory has been applied to a single driven three-level
: V system and to spectral properties of radiation emitted into
14 b — T,=150T,," ] a solid angleQ) s during light periods, with the light periods
e T,=100T,,’ monitored in a solid angl€)g. The photon statistics of an
1oL :%: ;g II:ZI ] atom with light and dark periods have two very different
time scales, and one usually chooses an intermediate time
T, to characterize a light period as an emission pattern with
To as maximal waiting time between photons emitted into
Qg . We have slightly generalized this by allowing arbitrarily
] large waiting times. This has permitted us to study the tran-
sition to the stationary spectrum of the complete ensemble.
1 A collection of V systems was considered, all in a light
period starting at time 0 and lasting at least until time\ll
temporal emission patterns in the solid anglg until time't,
compatible with such light periods, were considered. For
02 \ ‘ _ ‘ ‘ each pattern the corresponding conditional spectrufagmt
015 -010 -005 000 005 0.10 0.15 time t was calculated and then the mean of the spectra over
A[T,] all emission patterns was formed.
To a singleV system this applies as follows. One samples
FIG. 8. Same simulation as Figs. 6 and 7, but now for lightthe light periods of a single atom and determines, for each of
periods longer thaif =100, . the sampled light periods with the respective temporal emis-
sion pattern in the solid angl@g, the spectrum of the ra-
which allows us to simultaneously study time-resolved propjation emitted into the solid ang@ from the start of the
erties, i.e., photon statistics, in one solid an@lg and spec-  period untilt sec later. The mean of these spectra is precisely
tral properties in anothef)s. what we have calculated and what we have called the spec-
This led us to the notion of the conditional spectrum, fortrym of an atom in a light period. This should be amenable to
example, the spectrum of the radiation emitted fdtguntil  experimental verification for a single ion in a trap.
some timet, under the condition that a particular temporal  Wwe have presented numerical calculations of spectra in a
emission pattern of photons is found @y . The theory de-  |ight period for aV system which has one metastable state
veloped above allows one to calculate, for given emissiomand which is driven by two lasers. In a previous pdj$gmwe
pattern, the expectation value af, ay, and, more generally, had studied the stationary ensemble spectrum of such sys-
the expectation value ohﬁx)m(am)”. Physically this corre- tems and had found, for the above parameter range, an addi-
sponds to a situation where one considers only atoms wittional, extremely narrow peak in the spectrum. We had ex-
the same temporal pattern of emission into the solid angl@lained this peak through the modulation of the radiation by
Qg between time 0 antd measures the spectrum in the solid the dark periods. If correct, this explanation would imply that
angleQ s for each atom, and forms the mean of these spectrahe peak should disappear for the spectrum in a light period.
In general there will be deviations of the individual spectraThis is indeed what we found.
from the mean, i.e., fluctuations. These can also be deter- We thus conclude that the spectrum in a light period of a
mined by the theory and they will decrease with increasingsingle atom may be significantly different from the ensemble
radiation analyzed by the spectrometer, and thus with time spectrum. It would be interesting to check this predicted ef-

simulation of spectra: T=1000T,,"

S(a)

and the aperture. fect experimentally.
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