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The concept of an atom dressed by the electromagnetic field is first illustrated
from a physical point of view, successively the state vector of the dressed atoms
presented. The theory of quantum measurement of finite duration 7 is also briefly
introduced and it is used to describe a gedanken experiment, aimed at measuring
the atomic population distribution of a two-level atom. It is shown that the
result of the experiment depends on 7 in an essential way. In particular, in the
limit of short measurement the apparatus is capable of measuring the bare atomic
population as expected, whereas in the opposite limit the same apparatus vields
the population of the dressed atom. This result is interpreted in the context of
the theory of dressed atoms.

1. The nature of dressed atoms

The expression dressed atom 1s of current use in QED and in quantum optics. It is
referred however, to two quite different physical contexts.

In the first context a ground-state neutral atom is assumed to interact with the
vacuum fluctuations of the electromagnetic field. In the ground state of the total (atom
+ field) system these vacuum fluctuations induce virtual absorption and re-emission
processes of photons by the atom. These photons are virtual because the bare energy
of the (atom + field) system, 1.e. its energy disregarding the atom-field interaction, is
not conserved. Thus the corresponding fluctuation §E of this bare energy must have a
finite duration 8¢ according to the uncertainty relation

h

$E ~ 5 (L.1)
During one of these fluctuations photons are emitted and reabsorbed after time §t. Be-
cause of their limited lifetime, as we have mentioned, these photons are called wvirtual
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%onwamaos is [8]
H=Ho+ Vi + Vs

1
Ho = hwoS. + Y hwk(aj;a; +3) 5
kj
Vi= 3 (ensaniSe + €ijaiS-) (2.1)
kj
Vo =AY (exjal; S+ + chjariS-)
kj

where Si (i = £, z) are the usual pseudospin S = 1 operators QF and ax; being Bose
nnihilation operators for photons in plane-wave field modes of momentum

creation and a
wi = ck. Moreover the multipolar and minimal coupling

k polarization j and frequency
versions of H have respectively (8]

9mhw? .
A=1 ,e5=—1 ﬂec“o 121 -€k; (minimal);
2mh
A=—1 e =—1 q_.<§,.. 191 -€k; (multipolar) (2.2)

where in the atom-photon coupling constant ¢x; the vector pa1 is the matrix element
of the electric dipole operator between the two atomic levels and e; is the polarization
vector of the k; mode of the field. Here for simplicity we take both poy and egj as
real. A complete account of the minimal coupling and of the multipolar theories of
the atom-photon interaction can be found in reference [9]. Finally, we note that the
Rotating Wave Approzimation (RWA) is obtained by putting A = 0 in (2.1), and that
the A-term in V, gives rise to energy nonconserving processes which create photons and
simultaneously excite the atom. These terms should obviously be expected to contribute
to the virtual cloud in the ZP field dressing of the atom.

The state corresponding to the atom dressed by the ZP field is evidently the ground
state of H, which we obtain by perturbation theory. We start from the ground state
{{0k;},4) of Ho with no photons and the atom in its bare ground state, and we obtain
the dressed ground state, normalized up to terms of order €2, as

_siv\liH:13<+_:-E< :
xf $|5 ow§|5 o~§|§

(1= Po)Va—

1 1

mﬁos?e V2 (Fo = E&MC — Po)Val{0k;}, WOk}, ) (2.3)
r on the ground state |{0k;}, 1) of Ho. Thus the
s which excite the atom and create one photon
well as by other fluctuations whose net effect
to create a photon pair (terms in Vi Vs, two-
uctuations had not been anticipated in the

sgnom_o” I‘:Mmp @:aﬁimnro@uobonﬁo
virtual cloud is contributed by fluctuation
(terms in V4, one-photon fluctuations) as
is to leave the atom in the ground state and

photon fluctuations). The second kind of fl
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If the state .Om the atom at the observation time is |¢), the observation of U. yields
one of the eigenvalues u, with probability |(ug|¢)|2. Note that here the observation '

and measurement are synonymous and that the process corresponding to these teir

is instantaneous. After the observation the system is in state Jus), and the o<o~=$o=u_;

leading from |#) to |us), usually called wavefunction collapse, cannot be described by:

the Shrodinger equation. It should also be noted that this procedure pays little.or 19 .

attention to the measuring apparatus. L)

A more sophisticated procedure, which takes into account explicitly the HOF_.o,mm@m:
measuring apparatus, has been proposed by Peres and co-workers [10]. >nooam=m,3,.. !
this procedure also the apparatus (equivalently indicated as the pointer) is treated
quantum-mechanically and its macroscopic nature is exploited at a later stage. Before.
the measurement begins, the atom is taken to be in the state |¢) and the pointer in

the state {¢). A pointer Hamiltonian is assumed to exist with a complete set of pointer
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jgenstates |ox). The measurement process is taken to start at time ¢ = 0, when the
1ate of the atom (atom + pointer) system is decorrelated and of the form

[9(0)) = [¥1) ® |4%) (3.2)

The atom-pointer interaction is described by a Hamiltonian containing both atomic and
pointer variables, in such a way that the (atom + pointer) system evolves for a finite
cmlom of time 7 according to the Schrodinger equation. The set of processes taking
place during this period is defined as measurement, and

[¥(t)) = TE)E(0)) = Y cxlux) @ |9x) (3.3)

k

Where ¢ is a c-number amplitude and T'(t} is an appropriate unitary operator. The
observation, which here is kept distinct from the measurement, takes place at time
7 and induces a nonSchrodinger collapse of [W(7)) into one of the states |ux) ® 1¥k)-
Note that here observation is separated from measurement and that a new time scale is
introduced which is defined as a finite measurement time preceding the observation.
In preparation for the application of these ideas to the case of a dressed atom,
we now discuss the measurement of the atomic population of a two-level atom in the
absence of atom radiation coupling. Consider the atom-pointer Hamiltonian {10]

Hy = s 4 oS, +9(0pS: 19(0) = ~ool0) —0e=7]  (3)
where p is the momentum of a particle of large mass M, which we take to be pointer,
and g(t) is the atom-pointer coupling. Thus the atom pointer interaction starts at
t =0 and lasts for a time 7. During this measurement the pointer gets correlated with
the atom, and one can evaluate the time evolution of the position operator ¢(f) of the
pointer. We are interested in the quantities

(¥lg(r)|¥) = {a(r)) (3.5)
(g (M)¥) — (lg()E)* = (*(7)) = {a(r)*
- where |¥) is given by (3.2). We also assume that |¥) is such that
(¥|q(0)[T) = (¥|p(0)[¥) =0 (3.6)

and also, in view of the large mass of the pointer, that it is an approximate eigenstate
of both ¢(0) and p(0). A simple calculation yields

(g(1)) = 90(S:(0) 5 (@ (7)) = (a(7))" = .&Aw —(5:(0))) 3.7

Thus if the atom is initially in the | 1) state,the pointer will always be found at position

7= 2 with zero variance. Similarly if the atom is initially in the state | 1), the pointer

will always be found at position ¢ = —%2 and the variance of P(q) is zero. If the
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te of H, accurate at order €2, can be explicitly obtained from

PR S U m _
0 =104 = 1= gyrpe o OV g
1 e

»QIM?&EAEO +Ev_w,$ (4.2)

The Hamiltonian for the measurement of S, is

1
Hm = 537 2 + hwoS, + 9(t)S:p + hwala + eaSy + € alS_ — ea'Sy —€aS- (43)

where g(t) is the same as in (3.4). The relevant expressions in terms of the coordinate
of the pointer can be obtained by direct integration of the Heisenberg equation

0= [ S0 + 30+ (14)

(1) = \ \ 5. (118, (U )att)g(t Yt dt "+

([ su(€hatw)ae, gpO)-+ gD+ (b O+ 4(0))’

¢ operators are easily taken on the state |¢) ® |¢) of
pointer, atom and radiation field, and the following
n of the pointer and for its variance are obtained [11]

The quantum averages of thes
the total system, consisting of
expressions for the average positio

{q(7)) = 90(S:(0)) (4.5)
o 5 g\ 2[1 — cos(wo + )T
SM?VVIAﬁlvH moﬁw |GL8V vumdﬁﬂ.m\m\vmmp\w

3.7) for a bare atom. In the limit of a short
(4.5) coincides with bare-atom result (3.7).
as bare. This means that in these conditions
nt fluctuations of

This result should be compared with (
measurement T < (wo +w)~! the variance
Thus the pointer perceives the dressed atom
the measurement is not influenced by the coupling with the zero-poi
the field, except of the trivial way. On the contrary for T3> (wo +w)™* the variance of
the dressed atom vanishes, but (q(r)y # £%- Thus we have a single peak in P(g) at

16 = 10, 4); 7 < (wo +w) 7!

€ 2
Qnﬁo:o; _mxs_c;v\n QOTW + %?_o_+ evwv (4.6)

urements are strongly influenced by the coupling with vac-
n this kind of measurement the pointer perceives a new
se of the atom-photon coupling: the dressed atom.

We conclude that long meas
uum fluctuations, and that 1
object which originates becau
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These _.am:_nm. can also be related to the energy which is conveyed to th ;
.mm_mc system during the measurement. This energy, because of the uncertaint o Aﬁomﬁ
is given by dE ~ w Thus for short measurements §E > h(wg + w), which .%EEEW_&.
ao. create a real simultaneous excitation of the atom and of one U:o:,u: Thi ~m_‘um=mmo_g.n
.<_§:m_ cloud apart from the atom,with the result that the latter is oz.um? M e Hr‘
is H.r:m clear that a dressed atom cannot be detected by any :nmxﬂWoor‘ Eo - vm_.m.,b
which as we have seen is instantaneous. On the other hand in a long Mﬂwcnoamﬁi
Mrm ﬂmzﬁum% mo:<mv6& s 6F < h(wp + w), ,.zr.mor is not sufficient to :msmmo:dm M:W.Em_“;

uctuation into a real one, and the atom is perceived as dressed [11]. o

The single d : B
that [12] gle mode model can be generalized to the many-mode case with the Smm._w
(g()) = 90(S:(0)) ; i -
12 '
QMT.VV - AQT.vvm = .Qw MU 3 3] 2[1 — cos(wo + wi)7] i
kj h*(wo + wi)? (wo + wi)?7? Dol e
where 5
1 2 P
(5.(0)) = —= + l¢] g
2 WU h%(wo + wi)? (48)

MZM mmmr_m M is short, m:o.w that 7 < Ai{wo +wk )~ for any of the field modes, the variance
MM an mm_%id M@UB@E@S for a bare atom. If on the contrary 7 > h(wq +M&LL for any
of the field modes, the variance of the pointer distributi i ‘

! , ribution vanishes and we h 1
one peak as in the dressed-atom case. In an intermedi i i erccived
: . ediate situation the atom is perceived
by the pointer as dressed only by the high-frequency modes, or partially Rammwm& ?W_w..,
AR

We emphasize that one is likel 1 1 i
: y to obtain quite different resul :
depending on duration of the measurement. e “

9

5. Measurement of atomic variables for an atom dressed by a strong field

As we have seen, the RWA Hamiltonian (2.5) can describe a two-level atom dressed

by an external monochromatic field
of frequency w. We wish t #
measurement of finite duration to such an object. 0pply. ooty o

Hamiltonian We start from the Bmmmﬁmwﬂoﬁ

1,
Hpy = 237P + hwoS, + g(t)S.p + hwala + €aS, + e alS_

which includes the pointer as in the previous cases. The state of the noam_,mw\m.,wm.a_

including the pointer, is taken as [1) ® |¢) also in this case, where |¢) is the stateof

the (atom + field : : . . i
Aiﬁ + field) system. Here we assume that |¢) coincides with the dressed state

lun' ). A procedure analogous to that previously adopted gives

(@(r)) = go(S:(0)) ;(S:(0)) = %
2 — (a2 = a2( L 1 —cos(4F
(7))~ (a(r))” = g3(5 E%Tﬁvl
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Clearly for 7 K W the variance of P(q) behaves as that of the bare atom, and we find
two peaks at ¢ = 1% as expected. For long measurements, however, 7 3> % and the

a
variance of P(g) vanishes. Consequently in the latter case we have only one peak at
: )
g = go(ulP 5. () = 9055 (53)

In these conditions one observes a dressed atom rather then a bare one. It should be
poted that here the time scale which separates the two kinds of measurement is the
inverse Rabi frequency W. This is orders of magnitude larger than the time scale for
dressing by zero-point fluctuations (wy! ~ 10-15 s), since in a typical experiment at
optical frequencies it is A ~ 10~9 s [15].

We remark that observing ¢(7) amounts to observing the dressed atomic population
if the measurement is long, and the bare atomic population if the measurement is short.

6. Conclusions

We have taken into account the finite time 7 necessary to perform a measurement of
the atomic population of an atom dressed by the electromagnetic field. During this time,
which is followed by a sudden observation causing wavefunction collapse, dynamical
correlations between the pointer and the dressed atom are established in a Schrodinger-
like fashion. This amounts to introducing a new time-scale which depends on the
experimental conditions. Such a new time-scale interferes with the time-scale typical of
the interactions which leads to the atomic dressing. This is true for atoms dressed by
zero-point fluctuations as well as for atoms dressed by a real field , although the time-
scale of two dressing processes may be very different. As a result of this interference an
experimental apparatus, devised to measure bare atomic quantities, may in fact turn
out to measure dressed or partially dressed ones. In other words, whether an atom
should be regarded as bare, as dressed or as partially dressed depends on experimental
conditions under which the measurement is performed. In particular our analysis shows
that if in a gedanken experiment an atom is subjected to any conventional instantaneous
measurement it will always be detected as bare and not as dressed, although the notation
of a perfectly bare atom must be interpreted as purely ideal and as a limit of the more
realistic notion of a partially dressed atom.

In addition, the following considerations apply to an atom dressed by the vacuum
fluctuations. The qualitative description of the virtual cloud, in terms of zero-point
quantum fluctuations of duration &, presented in section 1, is dynamic and essentially
time dependent. On the other hand the quantitative theory of the dressed atom sketched
in section 2 is a time-independent description of the atom interacting with the vacuum
field, which is based on the form of the eigenstates of the total Hamiltonian of the (atom
+ field) system in which time plays no significant role. Given this apparent conflict one
may well doubt the soundness of the dynamical picture, which refers to bare (hence
normally unobservable) quantities which fluctuate as functions of time. The gedanken

_experiments described in section 4 resolve this apparent discrepancy by bringing out
the time-dependent aspect of vacuum fluctuations even if the system is in an eigenstate
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of the total Hamiltonian. This is achieved by the introduction of the duration .r; of
the measurement and by setting this time scale against the (inverse) energy scale §p -
of the vacuum fluctuations, which therefore provides the conceptual mozcawﬁoz 0m ¢5
aesthetically appealing Qmmnzwa_oz of the virtual cloud in section 1.
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