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A new scheme for quantum-nondemolition measurement of the number
and statistics of photons in a microwave cavity on the basis of interfer-
ometry of strongly-controlled/ atoms which interact by a dispersion
interaction with a cavity mode at a different transition is proposed.
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1. This letter proposes a new scheme for quantum-nondemolition measurement of
the number of photons in a microcavity. The scheme is based on interferomeity of
atoms which interact by a dispersion interaction with a cavity mode at the transition
1—3 (Fig. 1) and are controlled by a coherent field at a neighboring transitier2 1\We
show that inside the cavity the dressed states of the system “atoroherent field”
undergo different phase shifts which are induced by the quantum field and therefore
depend on the number of photonsn the cavity. When the appropriate conditions are
satisfied,n remains unchanged over the transit time of the atoms through the cavity. At
the same time, the phase shifts lead to observable effects in the distribution of atoms
which leave the cavity in the states 1 and 2; this makes it possible to measure the number
of photons of the cavity field without changing its value. The dependence of the popu-
lations of the atomic levels on the phase shifts arises on account of the nonadiabatic
switching on and off of the control field at the entrance and exit of the cavity; this results
in a strong mixing of the dressed states or Ramsey interference. Nondemolition measure-
ment of a small number of photons in a cavity has been discussed in Refs. 1-3. In Refs.
1 and 2, a Ramsey interferometry scheme in separated oscillatory fields was considered
for observing the dispersion phase shift of honresonant Rydberg atoms. In our case,
throughout its entire flight through the cavity an atom interacts simultaneously with both
a cavity mode and the Ramsey field; this is close to the experimental situation in
microcavities We note that Ramsey-type interference, which is produced by nonadia-
batic mixing of the upper and lower states of a two-level Rydberg atom, was observed in
these experiments.

2. Let us consider the interaction of\aatom with the field of a single-mode cavity
at frequencyw, detuned from the frequency of the atomic transitier 3 by the amount
A.=w3;— w:#0. The atom is controlled by an external classical fieldt the frequency
w1= w,; (Fig. 13, whose intracavity Rabi frequency equélg=goE/ 5, (Refs. 5 and §
wheregy is the coupling constant between the atom and the electromagnetic field at the
transition 1-2 andé.= w.— w is the detuning of the fiel& from the cavity. Cavities
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FIG. 1. Configuration of the levels of\& atom in the basis of bar@) and dresse(b) states of the systenf)
is the Rabi frequency of the control field.

with three openings for entrance and exit of atoms and for injection of an external field
were recently used in experiments in Ref. 7.

Let us assume first that the cavity mode is in a Fock state wiffhotons. It is
obvious that the interaction with the atom does not chamgprovided that both the
detuningsA. and &, are so large that as the atom passes through the cavity the photon
absorption on both transitions-12 and 1—3 can be neglected. A pair of dressed states
of the system “atom+ classical field”| V. )= (1/y2) (|1)*=|2)), which are split by an
amount equal to the Stark splittindX (Fig. 1b), is formed inside the cavity. In Ref. 6
it was shown that the transition rates of an atom frobh. ) into the level 3 with the
absorption of one cavity photon are equal to, respectively,

gikn

2 W
Here g, is the coupling constant between the atom and the electromagnetic field at the
transition -3 andk is the rate of decay of the number of photons in the cakity(),
andA . ==*Qy—A.. If the transit time of the atom through the cavity equBlthen the
condition for a dispersion interaction at the transition 3 has the forrT". T<<1, which
in the case of large detuniny.> >k reduces to

ginkT/AZ<1 )
or
Ac>Ap=0,(nkT)Y2 3

The restriction oné, is stronger and follows from the obvious conditiapz> 2,
which givess.= w3+ A> 0.

Let us now consider the evolution of the atomic wave functions under the conditions
described. In the experiment, the atoms are prepared and detected outside the cavity. For
this reason, regions where both fields are switched on and off are present at the entrance
and exit from the cavity, and therefore the coupling constggtandg, for a monoki-
netic beam of atoms are functions of time, they are constant inside the cavity and vary

63 JETP Lett., Vol. 66, No. 1, 10 July 1997 Yu. P. Malakyan and D. M. Petrosyan 63



continuously in the cavity openings. However, if on account of a large detukintye
interaction with the cavity mode with moderate atom velocities is adiabatic everywhere,
then the switching on and off of a classical field which is in exact resonance with the
atom is always of a nonadiabatic character. Let us represent the Rabi frequéncin

the form

Oo=9E/b., O<t<T
Qoxfz(t), Tst=soo
wheref (t) are normalized so thd(0)=f,(T)=1 andf,(—%)=1f,(*)=0. Then the

atom, initially prepared in state 1 and passing through the region where the control field
is switched on, is in a superposition state

|®)=a,(0)|1)+ay(0)|2), 5)
where
a;(t)y=cosn(t), ay(t)=—1i sin n,(t) (6)

t
m(v=[ 0(mdr-0,

t<0, is the area of the the field envelope in this region. The equébipdescribes the
Ramsey interference due to nonadiabatic interaction of the atoms with th&figidide
the cavity it is convenient to switch to a basis of dressed states, represghiirig the
form

|®)=b_(0)|V.)+b_(0)|¥_), (7)
where
1
bi(t)zﬁ[al(t)iaz(t)], O<t<T. (8)

Using the Hamiltonian describing the interaction of the atom with the quantum field of
the cavity in a basis of dressed st&tasd also Eq(6) as initial conditions, we easily find
the amplituded .. (T):
r
bi(T)=bt(0)5:(T)+i; exp(irT)sin(¢T)b+(0), 9
wherer=g2n/(2A.), ¢=r?+Q2, and

6+(T)=|cogeT)xi %Sin((pT) expirT).

We note that in Eq(9) the cavity-field-induced phase shifts of the stdts ) are taken
into account to all orders. It is also easy to verify that

b, (T)|2+|b_(T)|?=|b.(0)|?+|b_(0)|*=1,
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i.e., the level 3 is not excited by absorption of a photon from the cavity field and therefore
the number of photons is conserved.

The amplitudes, A T) of the bare states are obtained by an inverse transformation
from Eq.(8). Using them as initial conditions for the Schinger equation in the region
t=T, we find the solution for these amplitudes at the detector, i.e., in the thmib:

ay ®)=ay A T)cosn,(*)—iay (T)sinygy(»), (10
where

t
72(1) =y J; fo(m)dr,

t<T, is the area of the envelope of the control field in the region where the field is
switched off. The secondary Ramsey interference at the exit from the cavity makes it
possible to preserve information about the phase shifts in the populations of the atomic
levels P;(«) =|a;()|?, i=1, 2, which are measured in the experiment as a function of
the numbem of photons, the detuning., and the transit timd of the atoms. If the
cavity field is not in a Fock state, then the probability of counting atoms as a function of
A. is measured in the experiment as an average over the photon distriptipn

Pi(Ac,H)=2 p(n)P;(,n,A,,T). (12)

In a real experiment, however, we deal with a thermal beam of Rydberg atoms, and
thereforeP;(A.,T) must also be averaged over the velocities of the atoms or over the
transit timesT=L/v, whereL is the cavity length and is the velocity of the atoms. It
must be kept in mind, however, that the dependencdobn the photon statistics
vanishes under such averaging, if the temporal distribution has a width greater than

or if the width of the velocity distribution of the atoms is greater than=v3(Lr) 2,
wherev is the most probable velocity of the atoms. We shall estimateon the basis

of the following considerations. It is known that random electromagnetic fields localized
in cavity openings result in uncontrollable Ramsey interference for incoming and outgo-
ing atoms? This effect is absent for slow atoms, whose interaction with random fields can
be assumed to be adiabatic. Under the conditions of the experiment performed in Ref. 4,
the time of flight of these atoms is of the order ok&80 ° s, which withL=2.5 cm
corresponds to velocities; =300 m/s. In further estimates, for reliability, we take
T=4Xx10"*s. Since the coupling constagi for Rydberg atoms is ordinarily equal to

10° s71, for n=10, A,=200 kHz, and correspondingh=2x 10> s !, we find that the

ratio Av/vy equals several percefgee also Ref.)3 Then velocity averaging has virtu-

ally no effect on the final results. Therefore, fixing, we can choosd}, so that
7n1(0)= n,(°) = 7/2. As a result, we obtain simple expressions for the populations of the
atoms. Specifically, in the case of a cavity mode in a Fock state we haw for

03
o2
For w.=20—50 GHz and cavityQ= 10’ which corresponds to dampirkg= 10— 25 Hz,
we find from Eq.(3) with n=10 thatA,=20— 30 kHz. In Fig. 2 we display, (11) and

sir?

P2: QDV_O y P1:1_P2. (12)
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FIG. 2. Population of the upper level 2 of a monokinetic atomic beam at the exit from the cavity as a function
of the detuningA . (in units of 40, ,=50 kH2): a — Cavity field in a Fock statei=10 (dashed curveand

n=25 (solid curve; b — coherent fielddashed curveand thermal fieldsolid curve. The average number of
photons in the last two cases(is)=10.

(12) versus the detuning . for A.=100 Hz and three states of the cavity field. One can
see that in all cases the oscillationsHg vanish with increasing\ . in the region where
r<Q,, i.e.,, when the frequency of the oscillations of the dipole moment which are
induced by the cavity field become less than the frequency of the oscillations of the
dipole moment of the dressed states. As follows from Fig. 2b, the coherent and thermal
distributions are manifested completely differently. This makes it possible to distinguish
these two states of the field easily.

We now note that since every measurement changes the quantum state of the field,
even though it leaves unchanged the numberf photons a measurement of the photon
statistics on the basis of the mechanism presented above presumes that the previous
distribution of the photons is restored after each separate atom is detected. However, if
this is not done, then the proposed scheme makes it possible to stimulate a Fock state in
a manner similar to Refs. 2 and 3. Figure 3 displays the results of numerical calculations
for the collapse of the initial coherent photon distribution w(itty =7 into a Fock state
with n=4. To simulate the measurements we used the paramgier§6 x 10* s 1,

Q,=100 kHz, andT=5x10 * s~ 1. After the field in the cavity is found to be in a state
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FIG. 3. DistributionP(n) of the number of photons in the cavity, showing the collapse of the initial coherent
cavity field with(n)=7 into a Fock state witm=4 after successive detection Bf=1, 5, and 15 atoms.

with a fixed number of photons, repeated atomic measurements during a time longer than
the decay time in the cavity should reveal quantum jumps in the state of the field. These
questions will be discussed in detail elsewhere.
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