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Ramsey spectroscopy with nonclassical light sources
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A first-principle calculation of the signal and the noise for Ramsey spectroscopy with nonclassical light
sources is given. It is found that the signal-to-noise ratio can be enhanced by using fields with sub-Poissonian
statistics.

PACS numbe(s): 42.50.Dv, 33.90+h

The Ramsey spectroscop¥] is a very useful technique (AS)?>=(D?—(D)?
yielding high resolution, and has been extensively used in ,
many different contextg2,3]. The signal in such a setup has — 7 1vcZ 1)\ _ z, 1
been calculated and interpreted in terms of the interference ; (S§+2)(§+2) Z (S+z)

between two quantum-mechanical pathwg4k In view of
the current interest in doing spectroscdpy with squeezed _ ZoZ\ _ /Z\/ L
light [6] and other types of nonclassical radiatipf it is ; (STS)=(SHS)- @
desirable to examine the use of nonclassical light in Ramsey
spectroscopy. In particular it would be interesting to find outwe assume that at=0, all atoms are uncorrelated. The ex-
if the signal-to-noise ratio can be improved using nonclassicitation by an external field will not change the correlation
cal sources. The noise arises from the statistics of the atomigharacteristics, and therefore
beam, statistics of the field used to excite the atoms, and
intrinsic quantum nois¢8]. In this paper we calculate the (SFS%)z(S%)(Sf}, 3 (4)
signal-to-noise ratio for the standard two-field Ramsey
method. We also discuss how the use of sub-Poissonian lighti combining(4) with (3) and on using/(S?)?=1 we ob-
can lead to an improvement in the signal-to-noise ratio.  tajn

The general two-field setup is schematically illustrated in
Fig. 1. One monitors the excited-state population at the end N N
of the second interaction region. Lpf be the probability of (AS)ZZZ_ N<S|Z>2=Z— N(Pe—3)2=Np(1—pe).
finding the atom in the excited state at2T. The signal will )
then be

The signal-to-noise ratio then becomes

s=3 p.=Np., ) S_S_ Np _N( Pe )1’2 ©
o N AS |Np(1-po = \(1=pe))

where the summation is over all the atoms, and we have
assumed all atoms are equivalent so the sum just yields a d b
factor of N. Note that in the spin languagd) can be ex-

pressed as 7
atomic beam /

S=<E <$Z+%)>. ) lta}) T
o) 18)

Let us define a detection operafras>;(S#+%). The fluc- T «T>
tuation in the signal can then be obtained from

FIG. 1. Schematic illustration of the two-field interferometer.
The fieldsa and b could also represent two cavities. The states
a,B) are used only as an intermediate step in the calculation.
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It should be borne in mind that, depends on the strength of

the fields, the time separation between the two regions, and

the atomic detuning factor. Note th@) is derived under the
following conditions: (i) the external field is treated as a
semiclassical field{ii) the initial state of the atoms is an
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where
iAT__

iA

e
f(r)=

T>7 f(r)—1 if Ar<1. (10

uncorrelated state. It is interesting to observe that noise lim! "€ probability of finding theth atom in the excited state is

its similar to (6) have been obtained for atomic interferom-
eters[8].
Next we generalize these results by treating the excitatio

obtained from

Pe=Trs (& (1))(¥(1)]e;), (1)

n

fields quantum mechanically. The quantum-mechanical genwhere T denotes trace over the field variables. On us)g

eralization is needed for several reason@) there are pro-
posals in the literature where two micromaser cavifiés
provide two different regions of interactiofij) the use of

nonclassical fields should improve upon the signal-to-noise

ratio as given by(6), and (iii) the quantum treatment will
enable us to choose a kind of nonclassical field that ca
enhance the resolution of the signal.

in (11) we find the result

Pe=If(DIX(gFa’ +Gfb e T)(gia+Gbe™T))

We start with the quantum-mechanical derivation of the
signal. Let the fields in the two regions be denoted by theThe interference term will survive only if

annihilation operatora andb, respectively. The interaction
Hamiltonian in the interaction picture can be written as

Hy(t)=2> #(g;S a€’+H.c)o(r—t)

+2 1(G;S ber +H.c)0(t—T—17)
I

XO(T+27—1), (7)

A=wg— .
The 6-step functions ir{7) give the regions of time where the
fields are acting and; ,G; give the coupling constants in the
two zones. The detuning between the field and the atom i
represented byA. The initial state of the atomic system is
denoted by|{g}), i.e., all the atoms are in the ground state.
We keep the initial statéw,) of the two quantized fields

arbitrary. We will keep the analysis simple by assuming thaf
7is small so that one can use perturbation theory. The wav

function at timet, to the lowest order, can be written as

wo)=liahles - ¢ | HatIatliohles). ©

The final quantity of interest is the excitation probability, and
thus we need the projection pf(t)) onto a state in which at
least one atom is excited. Lé¢;) be the atomic state in
which theith atom is excited. Using8) in (7) and on sim-
plification we obtain

iAT*l)

(el ) =—igia " |a,p)

(eiAr—l)

i, IA(T+7)
iG;b€ Ty

la,8)
=—if(7)[gia+Gibe*T]|a,B), 9

wO)=lghlas)— 5 | Hatdtlighlas)

(12

a =lf(@F@a)lgl?+|Gi|*(b*b)
+(gFGe'*(a*b)+c.c)l. (13
(a*h)#0. (14)

If the two fields are derived from the same source, and if
gi:Gi y then

pe=If(7)]*(a*a)|gi|?|(1+eT)[2 (15

The last factor in(15) contains the well-known interference
fringe pattern1,2].

We next examine the fluctuations in the signal. As dis-
cussed earlier, the detection operatoDis =;(S?+3) and
the calculation of fluctuations will require the calculation of
finding ith andjth atoms excited at the same time. It should
Qe noted that even though the atomic state=a0 is an
uncorrelated state, it does not remain so because of the quan-
tized treatment of the field and because all atoms see the
same field. Lete; ,e;) be the state of the atom where tiik
nd jth atoms are in the excited state and the remaining
atoms are in the ground state. We thus need to calculate

pij=Tri(e & () (h(b)]eg). (16)
The fluctuation in the signdkf. (3)] will be given by
(48)?= 3 ((Sf+)(S[+1)~N°pg
i
=Npe— sz§+§j Pij » (17)

wherep, is given by(13).

We next consider the evaluation of the quanfity. The
two atoms can be found simultaneously in the excited state
via four different pathways: (i) both atoms get excited in
the first zone(ii) both atoms get excited in the second zone,
(iii) the ith atom gets excited in the first zone and ftike
atom gets excited in the second zone, &@rg pathway(iii )
with i and] interchanged. To obtaip;; we expand the wave
function to second order in the perturbation,

2~y v , )
+(7) fodt JO dt’Hy(t")H(t"){g}) a. B). (18)
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We can now write the contributions of the four different This is our final formula for the fluctuation of the signal. We

pathways as
<e|ej|¢(t)>:|1+|2+|3+l4 (19)

Here

H 2 T ’
lf(‘%) [Tav [ avee e milighle.s),

(20)
which on substitutind7) reduces tdAr<1)
l,=—7 ?g;g;a%| a, B). (21
Similarly I, is found to be
l,=—72e%47G,G,b?|a, B). (22

The amplitude corresponding to excitation of tlke atom
in zone 1 and thegth atom in zone 2 will be

2
|3:<eiej|(_%) jodtlHl(tl)

).

(23

T+27
X j Hi(tp)dt|{g})
T+7

This involves nonoverlapping time intervals. The final result

is
|3:_7_ZeiATgiGjab|a,ﬂ>_ (29
Similarly one can show that
l,=— 7 %*7Gg;abla, B). (25)

On combining(19)—(25) we obtain
e ,elw(t))=—12(g,g,a*+G;Ge?*Th?+e'2Tg,G ab
I J J J

+e'27G;g;ab) |, B). (26)
On using(26) in (16) we get
pij= (A AAA), (27)
where
Ai=(gja+G;be’T). (28

The fluctuation in the signdll7) can now be expressed as

(AS)?=Npe—N?p2+ ;, ATATAA). (29

examine several special cases. Let us set all coupling con-
stants the same, i.ay;=G;=g. We further assume that the
fields in the two regions are derived from the same source.
Then (29) simplifies to

(AS)2=Npe— N2p2+ 741+ 64T|2/g[%a* “a2)N(N—1).
(30

On using(15), Eqg.(30) can be written in an instructive form,
+2.2

(A8)*=Npe=N*pi+pEN(N-1) 75wz (3D)

The quantum statistickl0] enter through the last factor in

(31). For acoherentfield (a*“a2)=(a*a)2 and then(31)
reduces to the result obtained earligq. (5)],

(ASe)*=Npe(1—pe). (32)
On introducing theQ parametef7] of the field
+2.2 +\2
_{a i;:;;‘ iy (33
the noise(31) can be expressed as
(AS72=(889%+ 2 PIN(N-1). (34)

(a"a)

For a sub-Poissoniarfield Q is negative and hence there
would benoise reductionThis reduction will be most sig-
nificant if Np,~(a*a); whence A S)*~(AS,)?(1+Q).

Note also that by considering the incoming atomic beam
in a squeezed stafd1] rather than in the ground state it is
possible to improve the signal-to-noise ratio. Since this issue
has already been discussed in the literafd13, we do
not pursue it further.

In conclusion we have shown how the use of a nonclas-
sical light source can be useful in the context of Ramsey
spectroscopy. Finally the analysis of this paper can be gen-
eralized to obtain a signal-to-noise ratio to higher order in
perturbation theory. One can even obtain an exact result;
however, due to its complexity we do not pursue it here.
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