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Recent experiments with single atomic ions isolated in electromagnetic traps have demonstrated
abrupt changes in observed fluorescence intensities, which have been interpreted as evidence for
quantum jumps as the atom changes energy levels. This presents the seeming paradox of discon-
tinuously changing observables from a system whose dynamical evolution is governed by the con-
tinuous optical Bloch equations. In this paper I present an analysis of the dynamics of a model
three-level atom interacting with two laser fields in terms of the dressed states of the atom-laser sys-
tem. These dressed states are eigenstates of a Hamiltonian which includes laser-atom interactions,
and thus they simplify the discussion of the time evolution of the combined laser-atom system. This
dressed-state description is particularly useful in the regime in which both laser intensities are
strong enough to saturate their respective transitions. I calculate the radiative lifetimes of the
different species of dressed states and the branching ratios for decay to other dressed states, and
demonstrate the consequences of these quantities for the observed fluorescence pattern. The calcu-
lated duration of bright and dark periods shows a pronounced dependence on the detunings of the
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lasers.

I. INTRODUCTION

The recently developed experimental capability to iso-
late single cold ions in electromagnetic traps provides an
opportunity for novel investigations of the details of the
interaction of light and matter. Such experiments can
probe subtle properties which are often masked by the
large numbers of atoms or ions in conventional experi-
ments. In particular, the potential for the direct observa-
tion of so-called quantum jumps of an atom as it changes
state has attracted a great deal of experimental' ~> and
theoretical®~!® interest. Such experiments present the
seeming paradox of discontinuous changes in experimen-
tally observed quantities in a system whose dynamics are
described by continuous differential equations. In this
paper I analyze the dynamics of such quantum-jump ex-
periments in terms of the dressed states of the atom-laser
system. The dressed states, being eigenstates of a Hamil-
tonian including laser-atom interactions, simplify the
analysis of the time evolution of the system, and also offer
a simple means of calculating many experimentally acces-
sible quantities. I will find the dressed states relevant to a
model quantum-jump experiment and I will calculate the
fluorescence pattern that would be detected as a function
of laser intensities and laser detunings.

The system I will consider in this paper consists of
three atomic levels which are coupled by two single-mode
radiation fields as indicated in Fig. 1. The eigenstates of
the atomic Hamiltonian with no radiation present will be
labeled |0), | 1), and |2). For convenience I will refer
to the energy difference between |0) and | 1) as corre-
sponding to the emission or absorption of a blue photon
and the difference between |0) and |2) as correspond-
ing to emission or absorption of a red photon. Qp and
Q, represent the blue and red Rabi frequencies, respec-
tively, and Ag and A, the detuning of the blue and red
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lasers from the zero-field atomic resonances. The spon-
taneous decay rates of the states are given by I'y and I',.
For ease of calculation of the dressed states I will assume
that both of the transitions are strongly driven, i.e.,
Qp>>Tp, Qg >>Ti, and 1 will assume that the blue
transition is much more strongly driven than the red
transition, i.e., Qg >>0p.

According to the original proposal of Dehmelt,'* a
weak red transition could be detected by monitoring the
resonance fluorescence of the strong blue transition. The
blue fluorescence would always be “on” and detectable
unless the atom happens to have made one of its infre-
quent transitions to |2) by the absorption of a red pho-
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FIG. 1. “V configuration for a single-atom quantum-jump
experiment. The labeled states are eigenstates of the atomic
Hamiltonian alone. The 0-1 transition is “strong” and the 0-2
transition is “weak.” The 0-1 transition will be referred to as
blue and the 0-2 transition as red.
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ton. This transition abruptly terminates the bright
period of blue fluorescence and the blue fluorescence
remains off as long as the atom is shelved in the long-
lived state |2) because the atom cannot absorb and sub-
sequently reemit blue photons while it isin |2).

The validity of such a simple picture of the three-state
problem is not evident when at least one of the transitions
is strongly driven because the zero-field atomic states
|0), | 1), and |2) are no longer eigenstates of the prob-
lem when the atom-radiation field coupling is not small.
In this case the probability amplitudes of these states
evolve in time yielding a three-state generalization of
Rabi flopping. When the pure atomic states |0), | 1),
and |2) are employed as basis states, the time evolution
of the system is given by the optical Bloch equations'’
which completely specify the density-matrix elements
pi;(t). The recovery of the discontinuous fluorescence
signal predicted by the simple-minded analysis mentioned
above is not immediately apparent from such continuous
equations.

By now it is well known that such abrupt changes in
the observed fluorescence do occur in real single-ion ex-
periments! ~* similar to the model under investigation in
this study, and the origin of such discontinuities in terms
of the optical Bloch equations has been investigated by
several authors.5~!2 In this paper I propose a simple al-
ternative view of the problem of fluorescence from a
three-level atom. To avoid the seeming paradox of
discontinuous fluorescence levels from a system with con-
tinuously evolving probability amplitudes it is fruitful to
consider the dressed-state!® picture of the three-level
atom interacting with two single-mode radiation fields.
In the limit where spontaneous emission can be treated as
a small perturbation, the eigenstates of the complete
Hamiltonian (including atom-field interactions) can be
found exactly. The composition of the eigenstates of this
complete Hamiltonian is time independent and the prob-
ability amplitudes of the states are constant. Using such
a “dressed-state” basis of states greatly simplifies the
physical picture of the three-level atom in two radiation
fields. Furthermore, the occurrence of dark periods in
the fluorescence from the single atom can be analyzed
simply in terms of the lifetimes of the dressed states
against radiative decay and branching ratios of the
dressed states as they decay to lower-energy dressed
states.

(Cohen-Tannoudji and Dalibard have applied what
they term a dressed-atom approach to this problem in
Ref. 13. In the bulk of their work, however, the states
are “dressed” only to the extent that the numbers of pho-
tons in the relevant laser modes are included in the char-
acterization of the states. The basis states they employ
are eigenstates of the free-atomic and free-field Hamil-
tonians, but are not eigenstates of a Hamiltonian includ-
ing laser-atom interactions. These states are not station-
ary states, and the existence of dark and bright periods
must be inferred from analysis of the time-varying
coefficients of these basis states. The approach of Ref. 13
is particularly useful at low laser intensities, whereas the
present paper is applicable to the regime where both tran-
sitions are saturated, and the completely dressed states
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give a clear physical picture of the dynamics.)

I will begin this paper with a discussion of the dressed
states appropriate to the problem at hand. I will find the
dressed states for a model atom in the limit in which
spontaneous emission can be ignored. I will then derive
the lifetimes of the dressed states by the addition of spon-
taneous emission to the problem and demonstrate the ex-
istence of long-lived dressed states and discuss the ob-
servable consequences of these long-lived states. The
properties of the dressed states will be demonstrated to
depend critically on the detunings of the lasers in ways
that should be readily discernible in the fluorescence pat-
tern detected in a single-ion experiment.

II. DRESSED STATES OF THE THREE-LEVEL ATOM

The complete Hamiltonian for the problem includes
the sum of the internal atomic energy, the energy in the
two modes of the radiation field, and the atom-field in-
teraction energy. If we include the interaction with the
fields of the two laser modes, but ignore the interaction
with the empty modes of the radiation field which are re-
sponsible for spontaneous decay, the rotating-wave-
approximation Hamiltonian is

H=H om +Hpela + Hatom fiela
=filwp—Ap) | 1)1 | +#lwg —Ag)|2)(2|
+fiwgag ap +Hwgagag
+(agVy |0)(1| +agx ¥y |0)(2] +H.c.), (1)

where wg and wy are the frequencies of the blue and red
photons  which have detunings Ap=0wpg—awq,
Ap =g —aq, from the zero-field atomic resonance fre-
quencies, ag, ag, ag, and a;{ are the annihilation and
creation operators for the blue and red photons, respec-
tively, and V¥V, and V,, are the matrix elements (not
necessarily dipole) connecting the zero-field atomic states.

If the coupling between the atom and the laser fields is
ignored, the eigenstates of the combined atom-laser sys-
tem are simply specified by |S,Ng,Ny ), where S indi-
cates the state of the atom (=0, 1, or 2) and Ny and Ny
represent the number of photons in the blue and red radi-
ation fields, respectively. These eigenstates are grouped
in nearly degenerate three-state manifolds as indicated in
Fig. 2. The states within a given manifold are separated
by the detunings of the lasers, and the manifolds are
separated in energy from nearby manifolds by the energy
of the blue and red photons. This is in contrast to the
more simple energy ladder of the two-state atom dressed
with a single radiation field.

The atom-field coupling, which is responsible for
stimulated absorption and emission processes, connects
the states within a given manifold. This coupling is relat-
ed to the conventional Rabi rates in the following
manner:
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The states such as |0,Nz, Nz ) are not eigenstates of
the Hamiltonian which includes the atom-field coupling.
The procedure for obtaining the new eigenstates is stan-
dard and has been Previously applied to several problems
in optical physics,'”!® and will be reviewed here. The
‘“dressing” of the states simply corresponds to the diago-
nalization of a 3 X3 matrix representation of the Hamil-
tonian because the atom-laser coupling only connects
states within a given three-state manifold. This diagonal-
ization mixes the states within each manifold resulting in
three new eigenstates which are linear combinations of
the uncoupled atom-laser states |O,Ngz,Np), |1,Np
—1,Ng), and |2,Ng,Ng—1). These linear combina-

|2 Ng Ng-1>
o SN
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|2 Ng-1 Ng-2>
|1 Ng-2 Ng-1>
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FIG. 2. Schematic energy levels of the eigenstates of the
combined atom-field Hamiltonian which does not include laser-
atom interactions. If the laser-atom interaction is included the
states will still be grouped in three-state manifolds, but the ener-
gy splitting between states will be altered, and spontaneous de-
cays will be allowed from all states.
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tions are the dressed states of the combined atom-laser
system. The exact composition of the states depends, of
course, on the detunings and intensities of the two laser
fields and will in general be given by a unitary transfor-
mation U,

1)Y= u;li), 3)

where upper case letters refer to states in the coupled
basis and lower case letters to states in the uncoupled
basis, and uj; are the elements of the transformation U.
The dressed states are still grouped in three-state mani-
folds as in Fig. 2, but with new energy splittings within
the manifolds.

In the special case where Az =A =0 it is easy to find
an analytic form of the transformation and the explicit
compositions of the dressed states are

1 e '’
y=—— | |0,Ng,Ng )+ ————— | I, Ng—1,Ng)
| V3 | Br{VYR ‘*'(()33_’_0%{)1/2i B R
—i¢
Q3 +03)"?
1
|B>=—‘7=2‘ ——IO,NB,NR>
—id
+LB‘1N —1.N )
(Q}+0f)2 T Tk
—id
LR NaNe—1) (4b)
(QF+0p)2 TR ’
i¢
Qge *
|,,)=_————(Q%+%)”2 | 1,Ng—1,Ng)
QBew"

+WIZ,NB,NR—1>. (4c)

The energies of the zero-detuning dressed states which
were given explicitly in Eq. (4) are

E,=Nptiwg + Npfiog +1#(Q% + Q%)% , (5a)
Eg=Nyfiog + Nptiog —1H(Q3 + Q%) (5b)
Eerﬂﬁa)B‘"NRﬁa)R . (SC)

It is important to remember that these states are not
eigenstates of either photon number or of the atomic
Hamiltonian, but are rather the linear combinations of
such states which are stationary eigenstates whose time
evolution is trivial.

The energies of the dressed states of a model system of
a three-state atom interacting with two modes of a radia-
tion field are plotted in Fig. 3. Figure 3 shows the three
levels of a given manifold. There are, of course, many
similar manifolds of higher and lower energies. For the
calculations displayed in Fig. 3, and for all subsequent
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FIG. 3. Energy level of the dressed states in a given manifold
as a function of detuning. All quantities are measured in terms
of the red Rabi frequency Q. (a) Ap=0 as Ay is varied. (b)
A =0as Ay is varied.

calculations in this paper, I have used the following rela-
tionship between atomic parameters:

The avoided curve crossings at the Autler-Townes-like
resonances that are evident in Fig. 3 have important
consequences for the observable properties of the states
that will be discussed in the following sections of this pa-
per.

III. SPONTANEOUS EMISSION AND DARK PERIODS

The dressed states present the advantage of simplifying
any discussion of the time evolution of the atom-field sys-
tem. If the combined atom-field system is initially in one
of the dressed states, it can, to first approximation, al-
ways be considered to be in one of the three species of
dressed states. The only change of state occurs upon the
irreversible spontaneous emission of a photon, which sim-
ply projects the wave function onto dressed states in
lower-energy manifolds. The system will then remain in
this eigenstate until another spontaneous emission event
occurs. Thus, the weak coupling to the nonlaser modes
of the radiation field results in a cascade down the
energy-level diagram of the dressed atom-laser system in
Fig. 2.

M. LIGARE 37

In order to predict the occurrence of dark periods in
the fluorescence of the single three-state atom, it is only
necessary to examine the lifetimes of the stationary states
of the atom-field system. The existence of a long-lived
state implies the existence of periods during which no
fluorescent photons are emitted, and the lifetime of the
state gives the mean length of such dark periods. Such a
long-lived state interrupts the otherwise relatively rapid
cascade down the energy level diagram. Viewed in this
light, the fluorescence from the atom is analogous to the
decay cascade of a radioactive nucleus. The so-called
quantum jumps occur whenever the combined laser-atom
system irreversibly decays to a lower-energy eigenstate.

Spontaneous emission is the result of the coupling of
the atom to the empty, nonlaser modes of the radiation
field. To account for this, the Hamiltonian must be aug-
mented to include a nonzero coupling between states in
different manifolds. In the uncoupled basis representa-
tion of Fig. 2 the allowed spontaneous transitions from
the topmost manifold of states are from | 1,Nz—1,Ng)
to |O,Ng—1,Ng) and from |2,Ng,Ng—1) to
|0,Ng,Ng —1) corresponding to the emission of a blue
and ted photon, respectively, into nonlaser modes of the
field. In the coupled-state representation, transitions are
potentially allowed from all of the dressed states in a
given manifold. This is because all of the states, except
for special detunings, contain some of | 1,Nz—1,2) and
|2,Ng,Ng —1) in the linear combination comprising the
states. In the dressed states the matrix elements (not
necessarily dipole) between states in neighboring mani-
folds are given by

dy=(I|(dg|0){1|+dg|0){2]|)+H.c.)|J])

=3 Cilufl(dg |0)(1]| +dg |0)(2])
ij

+H.c.luy | j)

utjuydy for emission of blue photon,

"~ |u3juydg for emission of red photon, @

where dp and dy are the matrix elements in the uncou-
pled basis. The rate of transfer I';; from a dressed state
of species I to a dressed state of species J is proportional
to |dyy |2 The total rate of spontaneous emission out of
a dressed state | I) is given by the sum of the rates to the
three states in the manifold which is one red photon
lower in energy and the three states in the manifold
which is one blue photon lower,

C,=3 (|uly lup|®Tp+ | uy |2 |up]*Tg)
7
=|uy|*Tp+|uy|*Tg, 8)

where I'p and I'; are the spontaneous decay rates of the
uncoupled states which are proportional to |dp |2 and
| dg | %, respectively. For the special case of the zero-
detuning states of Eq. (3), the emission rates are
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The lifetimes of the dressed states are simply the
inverses of the total emission rates, and the longest life-
time corresponds to the length of the dark periods in the
observed fluorescence. The variation in the lifetimes as a
function of detuning is displayed in Fig. 4. For this mod-
el calculation I have used the same relationship between
matrix elements as that used to calculate the dressed-
state energies of Fig. 3 as well as the assumption that
', =10T;, which is reasonable if we assume that
wg~20g. The lifetimes of the dressed states exhibit a
strong dependence on detuning of the lasers, and espe-
cially so for the red laser. In general, there is one rela-
tively long-lived state and two states with much shorter
lifetimes. In Fig. 3(a) the long-lived state at a given value
of the detuning is the state which corresponds to the di-
agonally decreasing energy at that detuning. In Fig. 3(b)
the long-lived state is that which corresponds to the level
that changes only imperceptibly in energy as the blue
laser is tuned. These states correspond most closely with
the long-lived uncoupled state |2,Np,Nz—1). At the
detunings of the laser which correspond to the positions
of the avoided crossings in the energy level diagrams of
Fig. 3 the states can mix strongly, thus altering the life-
times of the states. It should be noted that even a small
mixing of the long-lived state with a rapidly decaying
state will have pronounced effects due to the great dispar-
ity in lifetimes of the unmixed states.

IV. DURATION OF BRIGHT PERIODS

In the preceding sections I have demonstrated a simple
interpretation of the occurrence of dark periods in the
fluorescence emitted from the three-level atom. In order
to analyze how often such dark periods occur, or
equivalently, the duration of the bright periods, it is only
necessary to consider the branching ratios of each of the
dressed states to the dressed states in lower-energy mani-
folds under the influence of spontaneous emission. For
convenience in the following discussion I will label the
longest-lived species of dressed state |I). The bright
periods will be those in which the decay cascade includes
only the two short-lived species of states which I will la-
bel |J) and | K ). The probability of having N cascades
entirely within the subsystem comprised of the short-

lived states |J) and |K ) followed by a cascade to the
long-lived state |I),

Py=(1—b)"p , (10)
where b is the branching ratio to the long-lived state | I)
from either |J) or |K). Expansion of the dressed
states in terms of the uncoupled basis states gives a sim-
ple expression for this branching ratio which is indepen-
dent of the species of the short-lived state, i.e.,
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PO
Ly +Ty+T
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C Ty+Ty+Tk

:lam;z. (11)

(Note that it is possible with some nonzero probability to
enter a dark period immediately after the emission of ei-
ther a blue or a red photon, and that it is possible to end
a dark period with the emission of either color also. This
is because each of the dressed states can contain some
mixture of all three of the bare atomic states and so can,
in principle, decay to any of the other species of dressed
state.)

The mean duration of such an N cascade process is
given by

TN=(NJTJ+NKTK), (12)

where N; and N are the number of cascades from states
J and K, respectively (N;+Ng=N), and 7; and 74 are
the mean lifetimes of these states. If p; and py are the
probabilities that a given cascade is to states J and K, re-
spectively, during this N event cascade, then N; and Ng
are given by p;N and pgN, and the mean duration of a
bright period is
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FIG. 5. Duration of the bright periods as a function of detun-
ing in terms of g =1/Tx. (a) Ap=0 as Ay is varied. (b)
Ag =0as Ay is varied.
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The only remaining difficulty is the calculation of the
probabilities p; and py. These probabilities are evaluated
in the Appendix with the result that

|a,0|2
py= , (14a)
T ag| 24+ gl
2
a
Px %Ko (14b)

las|®+ |agol?

Figure 5 displays the results for the mean duration of the
bright periods as a function of detuning calculated using
Eq. (13), and Fig. 6 shows the ratio of the length of the
dark periods to the bright periods. The duration of the
bright periods near the zero-detuning condition becomes
unrealistically large, and actually approaches infinity in
the limit of the approximations used in this paper. Ex-
amination of the zero-detuning states of Eq. (4) shows
that the branching ratio to the long-lived state |y ) from
either | @) or | B) is zero and the population is coherent-
ly trapped'® in the two short-lived states in this special
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FIG. 6. Ratio of the duration of dark periods to bright
periods as a function of detuning. (a) Az =0 as Ay is varied. (b)
Ap=0asa Ay is varied.
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case. This complete trapping exists because I ignored
spontaneous emission in the calculation of the explicit
forms of the dressed states.

V. ANALYTIC APPROXIMATION

In order to develop an analytic approximation for the
lifetimes of the states as a function of detuning, I will first
consider approximations for the dressed states. Except
near the avoided curve crossings of Fig. 3, good approxi-
mations to the states are simply the eigenstates of the
Hamiltonian when Qj =V, =0. In Fig. 3(a), where
Ap =0, the two states whose energies are flat as a func-
tion of detuning in a given region are approximately the
dressed states of a two-level atom interacting with the
blue laser
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i¢s
2

|0,Ng,Ng)

i¢
— exp ——28— LNy —LNg) |,  (15b)

and the state whose energy decreases with increasing red
detuning is approximately the uncoupled state

‘K)=|2,NB,NR—1)- (150)

Near the level crossings two of the states mix appreciably

. because of their near degeneracy. If we neglect the cou-
1 198 ling to the nondegenerate state we can analytically diag-
I)=— —Z ||0,Ny,N phing g alytically diag
1) V2 P | 5 Ne) onalize the resulting 2 X2 Hamiltonian. For A, >0 it is
i the states |J) and | K ) that mix near the crossing, and
Lexp|— idpg L,Np—1,N) |, (15a) close enough to the crossing so that Q5 —2Ap << Qp, the
2 new eigenstates are
l
| I'y=|T)
1 i¢ i
=—\‘/‘—2‘ €xXp “‘2—8 IO,NB,NR>+CXP —"21 I I:NB—IrNR) ’ (16a)
;A% > A%
|J') = exp L;L cosf | J ) + exp ——I—ZL sinf | K )
1 i¢*
=75 &P —9;— exp |—— | cosf | O,Ng,Np ) —exp | ——— |cos6 | I,Ng—1,Ng)
e
+ exp ——l—;L sinf | 2,Ng,Ng —1) , (16b)
s % s g%
|K')=exp l—¢2’—- sinf | J ) — exp —LZL cosf | K )
. i
=—‘/L_2—exp 53—— exp | —— sinf |O,Ng,Ng ) — exp | ——— |sinf | 1,Ng—1,Ng )
P pw
— exp ~ﬂ;— cosf | 2,Np,Ng —1) , (16¢)
I
where the parameters 6 and ¢* are determined by b *=dg— g’i (17¢)
20 —Q v
R
cos20= — ) (17a) d the energies of the approximate eigenstates are given
[20%{ +(2AR —‘Q'B )2]1/2 ﬁryl gies € approx g g
V20
sin20= B (17b) Ep Qg

[20% +(2A, —Qp)*) 2

_r_"B (18a)
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Examination of the coefficients of the uncoupled states
which comprise these approximate eigenstates yields the
following decay rates:

r
r,.=—2i ) (19a)
T, cos?d -
_,l=——2"—“+FR sin“@ , (19b)
T sin%0 )
FK,=————2—-——+I‘R cos’f . (19¢)

The energy levels as a function of blue detuning
displayed in Fig. 3(b) can be understood in a similar
manner. The state whose energy is flat as a function of
detuning corresponds to the long-lived state | K ) which
is almost entirely |2,Np,Ng —1). The other two levels
are the dressed states of the two-level atom, blue laser
system. Except for very large blue detunings both of
these states will be relatively short lived. Because there is
no localized region in which a single short-lived state in-
teracts with the long-lived state, a simple analytic ap-
proximation like that developed for the case of red detun-
ings is not possible.

V1. CONCLUSIONS

I have introduced a simple interpretation of the dy-
namics of three-level quantum-jump experiments in terms
of the dressed states, which are eigenstates of a Hamil-
tonian that include laser-atom interactions. In the limit
in which both atomic transitions are strongly driven I
have calculated the lifetimes of the dressed states and the
mean duration of dark and bright periods in the observed
fluorescence from the atom. While these calculations will
not hold strictly when the transitions are not strongly
driven, the dynamic picture offered by the dressed-state
basis still gives a clear qualitative way in which to inter-
pret the abrupt changes in the observed fluorescence lev-
els.

M. LIGARE 37

ACKNOWLEDGMENT

I would like to thank Marvin Mittleman for several
useful discussions.

APPENDIX

In the view I have presented of the spontaneous decay
cascade, each decay is a Markov process whose result de-
pends only on the decaying state and not on the previous
history of the laser-atom system. Such a process can be
described with a matrix containing the branching ratios
between the two states acting on a real vector character-
izing which state the system is in. If I represent the
states | J) and | K ) with the two-dimensional vectors

=) 10=[%], (A1)
and the transition matrix M as
Ly Ly
it L+l Tg+Tki A2)
- ik | ’
L+l T+l

then the probabilities p; and pg of being in states J and K
after N cascades are given by

Py

Px (A3)

=M¥|4),

where | A ) is the initial state of the system. when the
branching ratio to the long-lived state is small, i.e.,
b << 1, then the number of cascades N in any bright
period will be very large. Therefore, values for p; and pg
can always be taken from the large N limit of Eq. (A3),

|‘110|2 |‘1Jo|2
2
_ lajol*+ |agol®  lagl|*+ |akol
lim M Y= s 2 ,
N—o lago | lago |

layo |2+ |akol® lajol®+ |agol?

(A4)
which gives
layo| 2
Ps layol?+ |agol? A
pe )| lawl? | (A

lasol?+ |agol?

which is independent of the initial state of the system.
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