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Squeezed excitation in cavity QED: Experiment and theory
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One of the canonical questions in quantum optics is the nature of the radiative properties of an atom when
the normal vacuum fluctuations of the electromagnetic reservoir are replaced by the asymmetric, reduced
fluctuations of a squeezed vacuum. While the basic radiative linewidth-narrowing effect has been known for
over a decadgC. W. Gardiner, Phys. Rev. Leti6, 1917(1986 ], experimental realizations with operationally
definable definitive manifestations of the quantum nature of the squeezed reservoir have been largely lacking
from subsequent investigations. This paper presents measurements on an experimentally realized atom—
squeezed-light system, in which the squeezed-light output of a subthreshold optical parametric oscillator
illuminates an atom strongly coupled to a high-finesse optical resonator. Transmission of a weak probe field
incident on the atom-cavity system is investigated both theoretically and experimentally. Alteration of the
transmitted probe spectrum has been observed, as has a transmission modulation that depends on the phase of
the squeezed field relative to a saturating coherent faikplaced squeezingln certain parameter regimes,
properties unique to the quantum nature of the squeezed light have been identified in the theoretical treatment,
but complications in the experiment prevent their unequivocal measure. It is found that the observed effects of
the squeezed light are dramatically reduced relative to the predictions of an idealized theory. This is quanti-
tatively attributed to the effects of atomic beam fluctuations and a simple modeling of the atomic beam as an
additional loss mechanism in the theory leads to reasonable agreement with th&tR58-2947®8)05510-3

PACS numbg(s): 42.50.Dv, 42.50.Ct, 32.86t

INTRODUCTION modes not occupied by the squeezed field, but with which
the atom nonetheless interacts.

It has been known for quite some time that squeezed In principle, this weak-coupling situation can be com-
vacuum can have significant effects on the radiative properpletely different if the atom is placed in a cavity in such a
ties of atomg1-3]. Demonstrating this in the laboratory has Way that interaction with a single electromagnetic mode of
proved to be a demanding and difficult task, with to datethe cavity 'domlnlates the evolutlon of _the atomic degrees of
only one experiment reportdd]. Given that realizable ex- fréedom, in which case only this single mode need be
perimental systems are so scarce, so t0o are operational cidu€ezed to have a dramatic effect on the atom. For an atom-
teria for identifying what is and what is not quantum me- 2ty system in the “one-dimensional” atorlD atom

chanical about the atom—squeezed-field interaction. regime[5] the basic physical effect of reductions and en-
In addition to a general lack of squeezed light sourcesh‘mcem.ents '?] atom;c _deca_ly rateslremz}\mﬁ very mucg t::e
coincident with convenient atomic transitions, the dearth ofame, since the evolution time scaes of the atom and the

) o . e cavity are well separated, and the problem of efficient cou-
experimental realizations can be attributed to the difficulty of y P b

o : e . X pling of the squeezed light to the atom is reduced to that of
efficient coupling of squeezed optical “beams” to the dipole gfective mode matching of a beam of squeezed light to the

radiation pattern of an atom and to the efficient collection Ofcavity. The effect of the squeezed vacuum on the 1D atom is
the scattered radiation from the interaction. To quantify thiSefiected in an inhibition of theavity-enhancegpontaneous
situation, consider the prediction due to GardifEfof re-  gmission component of the 1D atom spectrum. With an
ductions and enhancements in the spontaneous decay of thgym-field cooperativity paramete€;, the radiative rate
components of the atomic polarization proportional to theyierations can be described % =y, [1+2C,AX. ],

4 2 b H th b 1 1
variancesA Xz of the “quiet” and “noisy” quadratures of \yhare for the case of perfect squeezifgith AX_—0)

the squeezed vacuum. In a realistic experiment, the decalglc_)yl representing a reduction in the rate of decay

ratesB-. of an atom in squeezed vacuum can be altered fro”ae;scribed by the atomlike eigenvalue of the coupled
the free space valuey, only according ©08-=v.[(1  3iom-cavity system. Note that an increase in coupling effi-

2 . . .
— 1)+ 7fAXZ], where 7 is a measure of the efficiency ciency ), could also be achieved by using a large solid-angle
with which the squeezed field is coupled to the atom. For agyity [6,7].

atom in free space illuminated by Gaussian beams of

squeezed light, the overlap of the incident field distribution I. MOTIVATION AND BACKGROUND
with the dipole radiation pattern is typically very smaip(
~10"%). The atom-squeezed-light coupling is then so weak
that any effect of the quiet quadratukeX_ of the squeezed Since the first few “seminal” works on the subject by
field is masked by the “normal” vacuum fluctuations in Gardiner[1] and Milburn[2,3], there has been considerable

A. Historical interest
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theoretical interest on the interaction of squeezed light andent the only attempt to excite a cavity QED system with
atoms. To provide a backdrop for the present work, wenonclassical light.

present a short compendium of the topics covered by diverse In a broader context, our particular realization of the
theoretical treatments. Extension of the early work on thesqueezed-light—atom-cavity is an instance of a unidirectional
basic radiative properties of atoms in ideal squeezed light ha@scaded quantum system. In such a system, the output field
continued unabatef@—12,1,13—2pwith some consideration ©Of one quantum system drives, or provides the input field for
of atoms in finite bandwidth squeezifigl—23 and much @nother quantum system. It is a scenario that offers a simple
attention to resonance fluorescence of atoms in squeez&nd elegant theoretical treatm¢86,87, but which has not
vacuum[24—36. Optical bistability in squeezed vacuum has to any S|gn|f|c_ant extent been realized in the Iabora_ltory. .
been considerelB7], as have optical pumping with squeezed Th.e paper is arrapged as follows. In the rest of thls section
light [38] and photon echoes and revivik9,40. There was we give brief descrlptlon_s of the relevant properties of the
intense interest in lasers with squeezed pump fields o%’D atom and squeezed light and then present a simple reca-

. L . . pitulation of the well-known ideas in the interaction of
squeezed reservoifd1-47, gain without inversioid8.49, (o070 light with atoms in free space and in cavities. With

gnd eIectromagnetma@lly |nduced_tran§parency N squeezegy description of the experimental system presented in Sec.
light [50]. S_queez.ed. I_|ght interacting with atoms in cavmele it becomes quickly apparent that the simple theory of Sec.
has been given significant coverdgd —57. Two proposals | jgayes out an important aspect of a realization of the atom-
in the bad cavity limit are particularly rele.vant' tq our work cavity—squeezing system: getting the squeezed light into
[58,59 and a proposal in the strong-coupling limit has greatihe cavity to interact with the atom. Having addressed this
promise[60]. Opportunities for laser cooling in squeezedissye, we move on to the measurements themselves and
vacuum[61-64 have been explored. The correlated pairs ofpresent data of two types for a variety of parameters: direct
photons in squeezed light have been considered in conjungpectroscopy of the 1D atom-squeezing system and a phase-
tion with three-level atoms and two-photon effef8§—-76.  sensitive modulation technique. In Sec. Ill we present a re-
There are at least two papers related to the consequencesagitly derived(somewhat simplifiedanalytic theory of our
the phase of the squeezifig7,78. Interesting ideas involv- system that is capable of delineating those regions of param-
ing cooperative effects with multiple atoms in squeezedeter space that are of primary import, that is, where the
vacuum[79-84 have been noted. A review covering many squeezing theory differs from one with a classical asymmet-
of the above topics can be found in RE85]. ric noise field. Finally, in Sec. IV we present a detailed com-
This abridged collection of theoretical work is well ahead parison of the theory of Sec. IIl applied to the data of Sec. Il
of a limited number of experiments, which in fact number (the reader not interested in the details of the experiment or
only two: one is reported here and the other, also from oufh€ory could skip directly to Sec. IV and Fig. 17 for a sum-
group, was published earlier in Rd#]. The goal of these Mary of the whole effojt The agreement is quite good, al-
experiments is to observe effects that are purely nonclassicBEit in @ regime of the theory that is not clearly able to

in the sense that the properties of the squeezed-light—ato stinguish purely quantum-mechanical effects from classical

system to be observed must be the unique result of the noignes. This is due to complications of the experiment result-

classical nature of the electromagnetic field used in the exN9 from use of an atomic beam, which gives rise to addi-

periment. That is, we require that for all classical states Oflonal loss mechanisms that reduce the effects of the

light, these effects cease to exist. Clearly this imposes Se\;;_queezed field interaction with single atoms. We have quan-

eral theoretical as well as experimental challenges. In paF—itatiVe d_et.ails.thafc indicate thgt this nonideal system is the

ticular, we point out that for a certain class of states, the ©°t of difficulties in the experiment.

so-called classical squeezed stdgee Sec. | §; many of the o . _

qualitative features are very similar to features present with ~ B- Brief discussion of the properties of the 1D atom

quantum squeezed light and only fine tuning of the param- The one-dimensional atom consists of an atom strongly

eters could in principle convince one of the intrinsic quantumcoupled to a single electromagnetic mode of a high-finesse

nature of the observations. In the work of Ref], this dif-  optical cavity. Details of previous measurements on the sys-

ficulty was bypassed by identifying an effect whagealita-  tem are described in Ref5], while a detailed theoretical

tive feature was unique to quantum squeezing. discussion of cavity QED in the bad-cavity limit can be
In our current work, however, we do not have the luxuryfound in Ref.[88]. In this paper we are most interested in

of unique qualitative effects and in fact the features of thewo particular properties of the 1D atom: its linewidth and its

effects we report could for the most part be reproduced bgaturation behavior. The linewidth of the 1D atom is de-

the use of classical squeezed states. Despite these difficultiegribed by the width of the central absorption feature in the

we note that our experiment is one of only two in existencéransmission spectrum of a weak-probe beam, given by

in which radiative alterations in the interaction of squeezed

light with atoms have been observed. In addition, we note ¥$ =7, (1+2NCy), @

that when certain aspects of the experiment are improved,

then careful quantitative measurements in relatively unconwhere y, is the decay rate of the atomic polarization to

strained regions of the parameter space will reveal uniquenodes other than the privileged cavity mo@eere y, is

effects that could not be observed with any other kind ofapproximately equal to the free space decay)ralg is the

classical radiation. We also note that, to our knowledge, oueffective number of atoms in the cavitil{=<1 for all of our

experiments represent the only realization of the coupling ofneasurementsandC, is the single-atom cooperativity pa-

two distinct complex quantum systems and certainly reprerameter, which is the part of the decay governed by the cav-
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ity. For our system with dipole coupling ratg and cavity the phase sensitive amplificati@h, or deamplificationG_
decay ratex [half-width at half maximum(HWHM)], of a small injected coherent signal into the OR®. andx

are related vid92]
2

Y0
ZKYL Gi_(lIX)Z' (6)
The effective number of atoms for a sample ¢ atoms A convenient parametrization of squeezed vacuum that
distributed within the cavity mode volume is given by has been widely adopted in theoretical studies uses the quan-
\ tites N andM, defined through the stationary two-time cor-
s N relation functions for the output field from the squeezing
NeZI_El |‘r/f(r|)| ) 3 source,

. <agut(t+ T)aout(t)>:Nf(|T|)v (7)
wherey(r|) = coskzexd — (}%+y?)/Mwj] is the mode function
of our Gaussian standing-wave cavity, wikh=27/\ the (Aguit+ 7 agu(t))=Mh(|7]), (8)
wave number of the two-state atomic transition. The probe
transmission spectrum for the system is thus a broad, essewhereag,(t) andaj,(t) denote the output field annihilation
tially unaltered Lorentzian of widtl due to the cavity, with ~and creation operators affiff 7|) andh(||) are certain func-
an atomic absorption “dip” in its center, the half-width of tions of = [f(|7]),h(|7])— &(7) in the limit of broadband
which is given by Eq(1). In addition, the depth of the dip on squeezing For a minimum-uncertainty squeezed state

resonance g,= w.= wy) is given by IM|=VN(N+1) 9)

(4 M and N are a complete specification of the degree of
(1+2NCy)*’ squeezing, as ibl alone for a minimum-uncertainty state.
These parameters can also be expressed in terms of the
whereT, is the empty-cavity peak transmission. pumping parametex. Via the relation ofx to the measured
The second property of interest is the saturation. This igjuantityG.. one may eliminate in favor of G.. to arrive at
essentially the behavior of the probe transmission as the

T:TO

(fixed-frequency probe is itself increased in strength or as 4G, (G, —1)?
another coherent field drives the system with increasing - (2VG, —1)2 (10)
n

strength.(It is the latter that we use hejeThe qualitative
saturation of the 1D atom for the particular parameter regimgyq
considered here is fairly well described by the state equation

for optical bistability[89]. In particular, the onset of atomic 2JG . (JG,—1)(2G, —2\G, +1)
saturation for a resonant fielfithe point at which T M= 5 . 11
—2To(1+2N,C;) 2] occurs at approximately the satura- (2VG.—1)

tion photon numbemo =2, 71395 familiar from the bista- = £, hermore, we define a measure of the bandwidth of the
bility Iltfrgtyr;. Tg% measured saturation of the 1D atom 'Ssqueezing as a quantity. , which depends on the phase of
presented in Re{90]. the squeezing. Also we note thht. are functions of the
pumping parameter, withb(. b_)—(«</2,x¢/2) for the case
C. Brief discussion of the properties of squeezed light of very weak pumping X—0), while in the opposite ex-
Following the standard description for the squeezed outlféme of very strong pumping approaching threshoid (
put from a subthreshold optical parametric oscillaoPO ~ —1)s (b+ b )—(xs0). Again by eliminating the depen-

of Collet and Louderi91], we begin by defining the param- dence of the bandwidth parametérs on the pumping pa-
eterx to be rameterx in favor to the measured quanti§, , one arrives

at
g

K2’

X

© b, =—2(1 (1 L ) 12
+ 2 ( +X) Ks 2\/G—Jr ( )
wheree is the strength of the parametric driving rate of the
OPO andk; the full width at half maximun{FWHM) of the ~ and
cold (i.e., no pump OPO cavity. This parameter is to be
understood as the pumping parameter with a range between 0 b =K—S(1—x)= Ks (13)
and 1 with O corresponding to no pumping and 1 being the -2 2\JG,
threshold beyond which the OPO starts to “lase.” The de-
gree of squeezing and other properties of the electromagnetic Now, let us turn to the quantum nature of the output of the
field at the output of the OPO are then expressed in terms dDPO and define what states are to be considered as quantum.
x. Of particular relevance to our experiment is the phasét can be shown that the spectrum of squeezing as defined,

sensitive gairG .. that can be measured readily by observingfor example, in Ref[93] “dips” below the vacuum-state
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() (i) (ii) states, which we have used for a large part of our current
l work, we have mixed on a 99-1 beam splitter the output of
the OPO with a phase-coherent laser beam of controllable

amplitude.

D. Simple theory of squeezing and atoms

1. Free-space atom and squeezing

(iv) It is useful to review the basic results of the simplified
l free-atom case, in which the squeezed field precisely
matches the dipole-radiation pattern of the atom. An atom

o decaying to such a squeezed-vacuum reservoir covering a

- region of the electromagnetic spectrum much larger than the

1 A, atomic banglwidth ks>y,) obeys the_ following_ opticgl

Bloch equation§OBE’s) for the mean dipoles and inversion

FIG. 1. Quadrature space of the squeezed states of the electrbl]:

magnetic field. Curvéi) indicates the minimum uncertainty relation

Ax;Ax,=1, curve(ii) is for the case thaAx;=AXx,, and curves

(iii) and (iv) are for Ax;=1 and Ax,=1, respectively. On this

space, states in regiga) are forbidden by Heisenberg’s uncertainty

relation for the quadratures .of the quqntized electromagnetic field, <&y>= — v, (N+M+ 1/2)<0.y>, (16)

namely, Ax;Ax,=1. States in the regiofb) are quantum states

characterized by the fact that one of the two quadratures has mag-

nitude less than 1 and correspond to the cases wherevi <(}Z>:—ﬂ(2|\j+ {(o)— 7., 17

<+N(N+1). States in regiofc) [including the locus of curvéi)]

are classical states with both quadratures bigger than 1 and corre-h h ic Pauli Th
spond to the case thdfl <N. The special state for whickAx, whereéoy,oy,0, are the atomic autl operators. € spec-
—Ax,=1 is the electromagnetic vacuum for whit=N=0, trum of light emitted from the atom illuminated by squeezed

while all states withAx; =Ax,>1 are thermal states for whigh ~ VACuum consists of two parts: a flat wide component of

>0 andM =0. width y(N+ M + 1/2) associated with X, and a component
of arbitrarily narrow widthy(N—M + 1/2) associated with

level if and only ifM>N. This criterion will be the bench- AX- . The narrowing of the\X_ component is a property

mark of what we will henceforth refer to as quantum stateghat is unique to quantum light, in that it only occurs when
of light. In particular, for minimum-uncertainty statéd,and M>N. It is rare, however, that the quadrature decay con-

(00 =—7.(N=M+1/2)(a,), (15)

N have an exact relation given by stants are directly measured. It is more common to measure
the spectrum of fluorescence, which depends on the way
M=N(N+1). (14) each of the three’s decays. In this case, it turns out that the

spectrum of fluorescence is still a useful indicator of the
This constitutes the maximum nonclassical behavior alduantum nature of the interaction since the narrow compo-

lowed; however, for all states witN<M=<+N(N+1) the ngnt event_uglly dominates the spectrum giv_ing rise to a line-
squeezing is still quantum in the sense that hE)mod3)/ne dete vidth that is indeed below the natural linewidth of the atom.
tion of the field will reveal noise suppression below the shot- his is a direct result of the reduced fluctuations in the quiet

; ; - drature of the squeezed vacuum and is known as inhibi-
noise level. In the presence of nonperfect coupling e1‘f|C|enc>gua ) )
7 between the OPO and detection sifegere detection in tion of atomic phase decay$,94]. In fact, Gardinef1] con-

the context of the present experiment would be the interacSidered the atom as a detector of squeezed light, which re-

tion region of the squeezed light with the atomis— N sponds with a narrowed spectrum of fluorescence, and also
=N’, M— 7M=M’, and the above criterion is modified to pointed out the difficulties encountered when the overlap of

N’ <M’ < »JN(N+1). Note that althoug is decreased, the atomic dipole and the squeezed reservoir is poor.

its quantum nature persists.

Turning now to “all other” states of light, i.e., all classi-
cal states of light, the above criterion implies that classicality In this section we will lay the foundations of the theoret-
onsets for states witM <N. This is quite different from and ical treatment of an atom in a cavity in which the cavity
in fact much more stringent than the oft-used comparison ofnode is excited with a squeezed field. The details will be left
theories withM =0 and M=N(N+1). By investigating to Sec. lll. We consider the squeezing—atom-cavity system
these two extremes only, one ignores the very large set ajnly in the 1D atom limit in which the separation of time
classical squeezed states for whicki BI <N. Note that the scales between the atofenhanceg decay and the cavity
class of states witM =0, N>0 are the thermal states while decay allows the atom to be considered asnadified in-
the uniqgueM =0, N=0 state is the vacuum. In a cartoonlike dependent entity. In general, for both broadband and narrow-
graph of the two orthogonal quadratures of the electromagband squeezing, it is possible to derive relatively simple
netic field, we show in Fig. 1 the various regimes discussedBloch equations that should describe the atomic dynamics
above. Finally, we note that to generate displaced squeezedth reasonable accuracy.

2. Atom in cavity and squeezing
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Assume to start that the system composed of atom plus _,x10
cavity plus squeezing obeys OBE'’s of the fof58] '

<0'x> == 7%, (18) 2 _,// \
<&y>:_7’y<0y>+ﬂz<0'z>: (19) 2 T
(== o= FA+2C)=0e), @O £ | P

wherey, , , are sensitive to the phase of the squeezing anc

also depend on other parameters of the squeeflpg.rep- o4f

resent the effect of a coherent drive field that defines the

reference for the phase of the squeezing. We can conside ¢}

either the case of squeezed vacuuiyy, (=0) or a displaced

squeezed field, in whicfy, , will be related to the amplitude 0 . . . . . . . . . .

of the displacing coherent field in some way that depends ~ ~'® ~-% -6 =0 =20 4 ~ 20 40 60 & 100

on the actual buildup of photons in the cavity, which in turn

depends on the decay of the atoms and hence ultimately on FIG. 2. The effect of broadband squeezed vacuum on the trans-

the parameters of the squeezing. This approach will be jugnission spectrum of an atom-cavity system, for various degrees of

tified and discussed in much more detail in Sec. Ill. We will SAueezing. From bottom to toN=0, 0.1, 0.2, 0.5, 1, 2, 5, and 10.

now setQ=0 and consider only a broadband squeezind\lo_te that this _calculatlon |s_ dqn_e in the _strlct bad cavity limit in

model originally formulated by Rice and Pedrd88]. which there is no atom-inhibited cavity decay;=1 and
Broadband squeezed light has a spectrum of squeezirf§o: - «)/2m=(20, 2.5, 80 MHz.

that is broader than any of the atom-cavity rates;

>g,k,7, With ks— defining infinite bandwidth squeezing. Already it is seen that the simple linewidth narrowing de-

In the infinite bandwidth squeezed vacuum c#sith 0  scribed by Eq.(21) is not immediately obvious from the

=0), Rice and Pedrot{i58] show that probe transmission spectrum since the depth and the width of
the dip change together.
Y=v.[1+2C1(1+2N—-2M)], (21 A primary aim of the current research is to determine to
what extent the measurable features of the sygih as
Yy=7.[1+2C1(1+2N+2M)], (22)  the alteration of the transmission dip of Fig.&e uniquely
due to the quantum character of the squeezed light. There is
¥.=y[1+2C;+4C;N]. (23 no question that the reduced decay constgnts only re-

o ) ) duced if the light is quantum squeezeM & N), but the
The phase of the squeezing is taken to line up with one of thgope transmission spectrum and the spectrum of fluores-

quaplrature decay channels of the atcﬁlﬁ.vvg ta_lke the op-  cence depend in complicated ways not only-gn but also
posite phasey, and y, change roles.In the limit of strong ¢, y, andy,, which arenotreduced relative to their vacuum
squeezing, from Eq.9) M~N-1/2 and values. It thus remains to determine if teeasurable quan-

= (24) tit_ies are also robust i_nd_icators of the nature o_f the light.
T Figure 3 addresses this issue. We show the “width” of the

7y=7.[1+4C,+8CiN], (25) spectrum of fluorescendeut the sides of the cavity, taken

Y= y[1+2C;+4CN]. (26 3.0

Thus there is an inhibition of the cavity-enhanced spontane- 257
ous emissioricompare Eq(24) with y, (1+2C,) from Eq.
(1)]. Strictly speaking, this interpretation and derivation are
valid only with an infinitely wide cavity (for nonzero 1.5
do,7Y.), in the sense of the true “bad-cavity” lim[i88].

Rice and Pedrotf{i58] focused their attention on the spec-
trum of fluorescence out the side of the cavity, but a simple
extension of their workor a special case of our own from
Sec. ll)) can reveal the transmitted probe spectrum, whichis oo+ "
the quantity measured in our experiments, and the measure  o.0001  o0.001 0.01 0.1 1 10 100
ment of choice since it utilizes maximally the convenient one N
dimensionality of the atom-cavity system. This quantity g, 3. width of the spectrum of fluorescence for various kinds
[|Ax()|? from Eq.(39)] is shown in Fig. 2 for several val- of |ight, normalized by the cavity-enhanced linewidty/2)(1
ues ofN for the broadband case. Note that the ”dip” asso- +2C). Quantum squeezings; classical squeezingd,]l; thermal
ciated with the 1D atom gets both shallow@ne squeezed light, O. These results are from a simple application of the formal-
vacuum carries photons that saturate the atmna narrower. ism of Ref.[58]; see the text.

2.0

1.0

HWHM

0.5
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from plots of Eq.(16) from Ref. [58]] for excitation with coherent "reference”
light of various statistics, characterized by the paramevers
andN of Egs.(8) and (7). A thermal field hasM =0, while
classical squeezing has asymmetric fluctuations in which nei:
ther quadrature goes below the vacuum level, viith-N.
Neither of these types of light shows the same linewidth M oda L
narrowing as the squeezed light. Note that a strong coherer
field also has an effect on the spectrum of transmitted light®e pume
that is similar(at least superficiallyto that shown in Fig. 2

(this can be seen, for example, in Fig. 7 of H&f). We have

also determined that a coherent field will have a significantly |osa E
different behavior from a squeezed field.

Cs Beam

Il. EXPERIMENT

The experiment uses two complete and independent 1abo- £ 4. squeezing on atom-cavity experimental schematic:

ratories: Laboratory 1 contains the apparatus associated Witfhope transmission spectrum measurements. The elements are as
the 1D atom and laboratory 2 the apparatus to generate thgjjows. OP, atomic beam optical pumping for preparation of two-
resonant squeezed light. Recent experimental results frodate atoms; \/4, quarter-wave plate for preparation of
laboratory 1 can be found in Reff5,90], with a detailed &*-polarized light for excitation of the two-state atomd?2, half-
discussion of the apparatus and procedure in Rsf.For  wave plate for polarization preparation of the squeezed field; PBS,
laboratory 2, recent experimental results are reported in Refgolarizing beam splitter for lossless splicing of the squeezed field
[4,95-97 with detailed discussions of the generation ofinto the 1D atom cavityl, mode-matching lens; LO, balanced-
frequency-tunable squeezed light in R¢@5-97. Here we  heterodyne local oscillator; PD, balanced-heterodyne photodiode;
will only explain each laboratory in general terms focusingSA, spectrum analyzer set to measure the beat note between the LO
on techniques that are new to this experiment. Note that onand probe; DOPO, degenerate OPO for squeezing generation; the
of the Cha”enges of the experiment has been the interfacin‘g:s beam control” controls the number of atoms interacting with

of the two laboratories, where the squeezed light generated #€ cavity mode by adjusting ttfé=4 ground-state population. In
laboratory 2 has to be transported efficiently over a distanc@ddition, for excitation with displaced squeezed ligtdther than

of 57 m and through a separating wall to the site of theSdueezed vacuunwe add the DSA, the dynamic signal analyzer
cavity QED setup in laboratory 1, and then efficiently modeused to measure the power in the probe-modulatlon recorde_d by the
matched to the high-finesse cavity of the 1D atom. As theSA’ .and the PZT, the piezoelectric trgnsducer used to adJusF the
losses in the path of the squeezed light must be kept to arr?latlve phase between the reference field and the squeezed field.
absolute minimum and the polarization rigorously preserved ] ] o
optical fibers are unacceptable, so we simply drilled a hole in5J- [Note thatl" affects t2he width of the absorption dip since
the wall between the two laboratories and sent the squeezdtgPm Ed. (1) Yi=v. +g/«.]

light from one optical table to the other, completely indepen- The probe beam is tunable in both power and frequency
dent table. via the power and frequency of a rf sideband of a traveling-

wave modulator(The optical power is always kept at a level
such that the intracavity photon number due to the probe is
less than the saturation photon numingy=4+%/3g3, that

1. Description and parameters is, (a'a),<mgy/100, my~10"2. This constitutes a weak

As indicated in Fig. 4, the cavity is a FabryBe of probe that Wi" not _distl_er the underlying structure of the_
length | =50 zm with mirror M, with power transmission system under investigation. Of course, the measyred_ guantity
8,~1x10°% and M, with transmissions,~322x 10°. is ultimately the result qf the fact that the system is driven, so
The total scattering and absorption losses at both mirrors i& COMPplete theory that includes this fact must be develgped.
So~44x 107, The cavity finesse iF~15 000. The cavity | he cavity length is locked such that a TiMnode is pre-
is probed with a weak field incident on mirrbt, with trans- ~ CiS€ly resonant with the atomic transitiom{=w) with a
mission through mirroM, recorded on a balanced hetero- Song locking beam that is switched off during data taking
dyne detector. From the size of the heterodyne photocurre cles. These aspects of the experiment have changed little
beat note between the probe and the detuned local oscillat8i™ @ Previous experiment described in Rif.

(LO), the average intracavity probe field amplitufie,,)| o _

can be inferred given the measured length and transmission 2. Complications from the atomic beam

of the cavity and the measured heterodyne detection effi- |deally, in the perfect version of our experiment, one en-

ciency. The experiment consists of recording values o¥isions a single atom at the center of the cavity mode, opti-
|(ap)|® for a variety of parameters and scenarios. Themally coupled to the cavity and interacting with the other-

squeezed light is incident on mirrdd ,. wise unaffected squeezed field that was coupled into the

For the 68,,, F=4,mg=4—6P3,, F'=5m.=5 tran-  cavity. However, in practice the situation is far more com-
sition in Cs, the atom-cavity rates argg(x,y, )/2m=(20, plicated. The atoms propagate from a thermal effusive source
80=5, 2.5I') MHz, whereI'=0.7 accounts for a broadening forming a continuous stream of atoms that cross the Gauss-
due to the finite transit time of atoms across the cavity modéan standing-wave cavity mode. At any instant in time,

A. Laboratory 1: 1D atom
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though the effective number of atoms may be approximatelyess. The other half of the coupling is the average coupling
one (N.~1), the cavity volumethe physical space between (over both space and timelue to a single atom strongly
the two mirror$ is actually filled with far more than one coupled (in the sense defined abgvéo the field mode,
atom. The effective number of atoms is a quantity measurehose behavior in the presence of squeezed light we wish to
by fitting the measured linear probe spectrum to an analyticsletermine. We will show in Sec. IV that the above argument
expression, valid in the weak fiel8,98,99. This determines iS fairly well supported by the results of our experiment
the collective coupling of a sample of atoms, which we callWhen compared with the simplified theofyot including

Crmeas Crmeac=NoCy. Of course, we are interested not in the atomic beam effecjgpresented in Sec. lll. Needless to say,

response of a collection of atoms to the squeezed-light ech_hls nonideal circumstance is an added complication that we

tation, but rather in the response of a single atom. That wé'€ actively working to eliminate by trapping and localizing

actually do measure the response of a collection of atoms o ingle atoms on the intense parts of the intracavity field
100,101.
more accurately, that we are able only to measure the re-

sponse of a single atom on those occasions when the random
fluctuations of the atomic beam allow causes some difficulty B. Laboratory 2: Squeezing
in the interpretation of the results and in fact leads to a severe
degradation of observable effects.

We call those atoms that are weakly coupled to the cavit

As described in Refd.95-97, for the tunable squeezed
light at the 852-nm transition wavelength of atomic Cesium

field due to their positions on the wings of the Gaussian o héchn:/nve eunr]nplgy’ai 2;22?#;”233%%;'005:\250 t?) Cseﬁglrla?é
near the nodes of the standing wave spectator atoms. The?rg Lenc l?doul?)led blue liaht at 426 nlf%ﬂ Th)i/s doSbIed
spectator atoms areach weakly coupled to the cauvity, q Y 9 :

thoughcollectivelythey can couple with strength comparable light pumps an QPO operated belov_v threshold, which down-
to the coupling of a single atom in an optimal part of theconverts one high-energy photon into two correlated low-

Gaussian standing wave. We define the saturation phOtOSSS;%);e%TgLSUr%engtr:tténg .?h(;losg'é%m'gg?l:gm'ubngﬁémgg
number associated with each of the spectator atonteas (FWHM) is k.= 2.4y,=2mx 12 MHz, which is less than

=27)7./395, wheregg is the coupling of spectator atom ., (1+2C,), the full width of the cavity-enhanced 1D
and the collective cooperativity of all the spectator atoms aatom. Therefore, the usual broadband treatment of the
CS=(1/2KyL)2ig§i. The concept of a collection of atoms squeezed light-atom interaction is inadequate for the pur-

weakly coupled to the cavity and an atom strongly coupled?0S€s of describing the Qynamics of our experimental real-
imp!ies a division in c_oupling-space. We can defin.e two ef-ization and a more compllcat_ed theoret'lcal approach must be
fective mode volumegintegrals over the mode functions for taken to account for the finite bandwidth of the squeezed
Ce“‘?‘"ﬁ regions ofl.couming- Space/in, :\%cr)atoms that sat;]sfy IIgr‘]lphe OPO is capable of producing squeezed light with
a minimum coupling requirement, and,, for atoms that , ;
do not satisfy this minimum coupling requirement. For a:jetelcted n0|hse level reduced bé’ 6 dE’ below tne ShOt'EO'Se
uniform density atomic sample, the ratio of the “in” and '€vel, near the OPO cavity pe4B5]. The gains that can be
“out” mode volumes determines the ratio of collective cou- féached in practice range overxG. <20. The squeezed
plings of the “good” atonfs) and the spectator atoms, re- field typically carries a few picowatts of optical power. At
spectively. For a boundary defined g§/g§~(0.56)2, this  the output of the OPO, we mix on a 99-1 beam splitter the

0 sV V. 1 H h i h squeezed vacuum with a phase-coherent reference oscillator
ratio IS Vin/Vou ff' ence we say that tl € sp(ictator gtomﬁmith controlled relative phase to the squeezing, resulting in a
give rise to an effective spectator coupling ©f~Cead2. .combined electromagnetic field that is equivalent to a dis-
Note that this definition also agrees with a threshold used "E)Iaced squeezed state. The displacing reference field can
several of our previous experimerj@8,99. have virtually arbitrary poweP,, but is typically restricted

Because each spectator atom Is weakly couplethrls. to P,¢<200 pW since at this point the 1D atom is saturated.
out that the average coupling of each spectator atogy is

~107?), its saturation photon number is very large com-
pared to that of the near-optimal single atomsi(> mp) and

it is not expected to contribute to the “interesting” effects of
the system, such as nonlinear response and effects due to theTo our knowledge, a rather important practical issue has
squeezed field. The spectator atoms can, however, act asbaen left mostly unconsidered in the literature. This is the
loss mechanism, absorbing the squeezed field without conissue of getting the squeezed light from an external source
tributing to observable effects due to the statistics of theinto the atom-cavity system. In much of the work done on
squeezed field. In this approximation, the spectator atomthe subject of squeezed light interaction with atoms in cavi-
taken collectively are very much akin to a simple intracavityties, the squeezing is inserted in a rather idealized way di-
loss, such as that contributed from the scattering and/or alrectly into the cavity. In this picture, as in RgB8], the
sorption losses in the mirror coatings describeddgy We  effects of the squeezed ligtwhatever they happen to bare

can call such a loss termd”*°. We will return to this in  always better the larger the single-atom cooperativity param-
Sec. Il C. Thus, for an experimentally measured value ofterC, is made. However, if we consider that the at¢fior
Cmeas= NoC;~1, actually about half of the coupling strength this argument a single, fixed, optimally coupled ajaan be

is due to spectator atoms that behave as a linear mediutreated as a lossy intracavity medium with associated loss
unaffected by the squeezed light, but absorbing it nonethgaarameter in the weak-field limit given §02]

C. Getting the squeezing into the cavity and onto the atom

1. Squeezing buildup in the presence of an atom
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15000 - , - - final graph of Fig. 5. We have seen that the qualitative effect
o of the squeezing is to modify the cavity-enhanced decay rate
3 10000 1 of the atom: 85 =y,[1+2C;AX.]. The squeezing vari-

f’; anceAX.. is the one that actually builds up in the cavity. In
§ 5000} 1 our experiment, we have axternalsqueezing with variance

AX®* which then builds up in the cavity the presence of
the atomto a value AX. =(B/By)AX® (in a qualitative

c sensg whereB is the cavity buildup with losseghe atom

and BB, is the peak cavity buildup in the absence of internal
losseg(no aton). The productBC thus determines the effect
on the 1D atom from an external squeezed field. This is
plotted in the bottom graph of Fig. 5; it is also seen to be
optimal forC=1/2. The value ofC=1/2 is a generic feature

of the one-sided cavity driven through the high transmission
0 . . . . mirror, as can be seen from EQ7) in Eq. (29). This is, of

0 2 4 8 8 10 course, the case of the impedance-matched resonator. That
1500 . . . . our 1D atom ha€;~1 is quite fortuitous from this perspec-
tive. This treatment points out the fact that there is little to be
I ] gained in terms of the potential effects of the squeezing by
= increasingC,, a point that is completely at odds with a
é theory that does not consider anternalsource of squeez-
= ] ing. This is further supported by the theory of Sec. Il

(=)
o
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s
o}
o«
-
o

-

cavity reflection
o o o
A ®

o
N
T

o 2 4 6 8 10 2. Intracavity losses due to the spectator atoms

C . . .
As an extension of the above line of reasoning, we can

FIG. 5. Cavity buildup B, reflection R, and buildup- immediately get a qualitativéand quantitative understand-
cooperativity producBC vs C for a weak coherent state resonant ing of the detrimental effects of the spectator atoms. These
with the common atom-cavity frequency. The buildup is given byatoms contribute an additional loss mechanism, without be-
Eqg. (28) with Eq. (27) and the reflection is given by EQR9) with  ing sensitive to the photon statistics of the squeezed field.
Eq. (27) with 6,=350 ppm, ;=1 ppm, ands,=0. The product They will allow the intracavity squeezed field to build up
buildupXx cooperativity(3C) is discussed in the text. only according to Eq(28) with a 5P*that arises from the

cooperativity parameter of the spectator atods as dis-
Op=2(8,+ 65+ 80)Cy, (27) cussed above. This loss term is given as the ratio in buildup
for a near-optimally coupled atoin the presence of specta-

then it is not at all clear that larg€, is the optimal ap- tor atomsto a near-optimally couple¢and fictitioug atom
proach. For larg€, the associated intracavity loss@&sare with no spectator atoms presee call the coupling of the

also large, so the squeezed field does not actually build up N ar-optimally counled atore... The buildup of squeezin
the cavity. To emphasize this point, we have plotted in Fig. g\:vith thliz atorgalong 06S as n{r]ZC )-2 Whiﬁ)e theqbuildu 9
the cavity buildupB and the cavity reflectivityR as C is 9 oo P

increasedjust replaceC; by C in Eqg. (27)]. As a reminder, 22;22 :giiezz'(rg ngh)]tblzs _?:ﬁjrg ;nifgggiisfgézt?jru:t& ms
for a resonan{coherent-stajefield incident on mirrorM, n-ows :

(as is the squeezing the spectators is

45, _( 1+2C, |2 30
5= it 6yt ot om)7" (28) Tspe” | T4 2(Cot Cy))
(81+ 8y+ Sp— 85)2 Now, by caveat, 08C,<1 [over our mode volumeC,
= (5iF 0,7 09 002" (29  >(0.56C,;=0.3C;], Cs=Cpeal2, and in our experiment

1.24>C ;05> 0.55. Over this range of numberg .. varies

For the plots of Fig. 5 the cavity is one sided, with the inputby 0.41* 0.09< 74,,:<0.63+=0.08, which will be used later.
mirror 8,=2350 ppm, the essentially perfect back mir@yr  This loss due to the spectator atoms is quite significant and
=1 ppm, andd,=0, for simplicity. From Fig. 5 we clearly likely to be the single greatest problem with the experiment.
see the expected behavior in that the buildup decreas@s as!n this light, we have attempted to run the experiment with
is increased. This does not really help us determine an optN~0.5, where the contribution of the spectator atoms is
mal value of C, however, as the buildup is largest when smaller. We have not found, however, an optimal balance
there is no atom in the cavity. The cavity reflection doesbetween the competing effect of a reduced loss contribution
however, imply an optimal value d€=1/2. At this point, from spectator atoms and the reduced signal-to-noise ratio
there is no squeezed light reflected from the cavity, so ifSNR accompanying the smaller values NEC,. Indeed,
some sense, the most squeezing possible is building up in thbere may not exist any easy way around this, beyond real-
cavity (in the presence of an atorand interacting with the izing an optimal system in which a single, stationary, and
atom. This idea can be further quantified in the third andocalized atom is employed.
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D. Measurements squeezing. In the absence of generic theoretical criteria that

We have made two types of measurements of the 1D atorprovide unequivocal tests of the nonclassical effect of
in the presence of squeezed fields. The first probes the trandueezed light on an atom in a cavitgspecially for our
mission spectrum of the 1D atom, essentially spectroscopy diarticular realization of that system, including the atomic
the 1D atom in the presence of a squeezed reservoir for tHeeam and other complicationis is essentialand preferable
atom. In order to make direct experimental comparisons wittio find measurementthat differentiate light of various quan-
other types of light, we have performed spectroscopy of théum (or classical character. We have done this by exciting
1D atom with an applied thermal reservoir with identical the atom cavity with both squeezed vacuum and thermal
properties(spectral content, i.e., power, bandwidth, and linelight from a single mode of the nondegenerate OPO
shape as the squeezed one. In the second type of measuré@NOPO. If the degenerate OPO is locked off of the Cs tran-
ment we fix the frequency of the probe field and monitor thesition by one longitudinal mode spacing50 MHz away
modulation in transmission as we rotate the phase of theuch that the next longitudinal mode is resonant with the Cs
squeezed field with respect to a saturating coherent “refertransition, then quantum correlations of the down-converted
ence” field (displaced squeezifngWe have measured the light will be between one photon that is resonant with the Cs
size of the transmission modulation as a function of a widdransition and one photon that is 1300 MHz detuned from the
variety of system parameters such as the strength of the satGs transition. Thus, as far as the atom is concerned, the
rating reference field, detuning of the probe, and degree ag$queezing will be lost and the 1D atom will be illuminated
squeezing. In this section we will limit the discussion to thewith a purely thermal mode. The key to this technique is that
measurements, leaving the theoretical discussion for th#he thermal light from a single mode of the NOPO is identi-
next. A discussion of the comparison of theory and data willcal in all respects to the squeezed light from the degenerate
be deferred until Sec. IV. OPO, except for the classical statistics of the former and the

quantum statistics of the latter. For the same phase-sensitive
1. Measurements of probe transmission spectra with squeezed OPO gain, the bandwidth of both sources is the same and the
and thermal reservoirs number of photons in each source is the same. For purposes

The experimental arrangement for the probe transmissiof}f COmparison, we define the quantity analogous {of Eq.
P g P 31 for thermal light and call itA,. The shape ofA; has

spectrum measurements is shown schematically in Fig. 4. A?~ ™" "= oo e ;
weak probe is scanned in frequency across the atom-cavi stmgwshmg features that make it quite distinct framin
resonance g,=w,). The transmission is measured both (€ ideal case.

with and without the squeezed vacuum input. The squeezed '€ €ffect on the probe transmission spectrum of the
vacuum(no coherent reference field preseenters the cav- sdueezedor thermal light proved to be rather small, making

ity through the output coupleM, (8,=322 ppm) of the the experiment a difficult one, ultimately incapable of distin-

cavity. The polarizations are arranged so that the squeezx%i"Shlng the probe sp.ect_rum_ in the presence of a squeezed
leld from that of excitation in the presence of a thermal

field. Figure &a) is A5 for squeezed input and Fig(l§ is the

cavity and is reflected along the same path as the probe tran§2rrespondingd, for an “identical” thermal input, for data

mission and will be detected at the heterodyne detector. ThEHK€N Over a similar range of power, whereP is a relative
squeezing beats against the LO and has power spread oJafasure of the power in the squeezedtherma] field (de-
some bandwidth given by, giving rise to what amounts to termined by measuring the height of the noise spectrum due
a measurement of the spectrum of output power of the OPG° the squeezed field on the heterodyne detgctoith P

This “measurement” was used to ensure that there was ac= + roughly equivalent to a gai. ~5 (little effort was
tually light from the OPO and that the detuning of the made to establish the exact conversion since only relative
squeezed field was near zero. This detuning tended to drifomparisons between thermal and squeezing are rejevant
during the experiment, so it was checked frequently, result- All the difference spectraFig. 6) are averaged without

ing in these slow excursions from the atom-cavity resonanc&e9ard for experimental parametétse OPO gain being the
(wa= w,) being kept to+2 MHz. The squeezing was mea- principal ong and are shown in Fig. 7. We have argued

sured by homodyne in both laboratories 1 and 2 to Conﬁm{los] that the shape of these curves is different, especially in

the existence of squeezing as close to the 1D atom as pogw_e wings, where the thermal difference spectrum dips below

sible. We will quote the OPO gai6, as a measure of the that of the squeezing, as would be expedtae Fig. 16 but
squeezing since the homodyne was not used on a daily basf§€ results are certainly not stunning.

The heterodyne detector is sensitive to all the incident !t IS cléar given the size of the modifications in the probe
fields, so a procedure of subtracting various quantities waSPECtra that we observe that there is little hope of measuring
employed to extract the normalized atom-cavity transmissiofieduced linewidths due to the squeezed resertmir en-

T, =Tui atomd Troatome N the presence of squeezing ha_mced linewidths due to the thermal reser)l_cﬁ!ut why is _
and without squeezingT(). Note that the absolute size of _th|s? For our parameters and perfect squeezing, the reduction

the effect due to squeezed excitation is larger in all case%] the linewidth shquldfbe a factor Off3’ according to Ecl‘
than these corrections. 24). Even accounting for our nonperfect squeezing, 50%

I : : squeezing should give a 30% reduction and bandwidth ef-
Additionally, we can define the quanttys, fects should have only minimal impact. The results of the
A=T—T,, (3D measurements would seem to imply that there is some loss
involved in coupling the squeezed light to the atom, above
as the difference between the spectra with and withouind beyond easily measured losses such as transport loss and



PRA 58 SQUEEZED EXCITATION IN CAVITY QED ... 4065

p: Thip) - A

reference field power, p

+——+ Run 186,P = 1.19 (a)
66— Run 175, P = 221

B—8 Run 180, P =1.47
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(b) transmission level as squeezing is rotated
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®— Run 169, P=156 FIG. 8. Idea of the phase-sensitive transmission measurement.

v— Run 164, P=1.64
=—= Run 156, P=2.03

Run 164, P = 2 46 (b) 2. Measurements of phase-sensitive probe transmission

with squeezing

T I The measurements of the transmitted probe spectrum of
the atom cavity in squeezed vacuum were difficult and in-

4 conclusive, as seen above. In pursuing a second measure-
ment strategy, which attacks the problem from a completely

0 AU ~: \ = different angle, it was hoped that an effect of the squeezing

would be more pronounced or more robust against compli-
cations of the experiment.

In this scheme, there are again two fields incident on the
, , atom cavity. In this case, one isdisplacedsqueezed field.
-20 410 0 10 20 For concreteness, we will call the resonant coherent displac-

Frequency ( MHz ) ing field the reference field. The other incident field is the
fixed frequency, fixed powemweak probe. We measure the

_ FIG. 6._ (a) Difference spectru_nzn&S with sql_Jeezed !igh_t excita- response of the weak probe transmission to the modulation
tIO!’]. (_b) Difference s_pectrum&t Wlth. thermal light excitation. The ¢ the relative phase of the squeezed vacuum output of the
coincident atom-cavity resonance is at 0 MHz. OPO with the referencéisplacing coherent field for vari-
cavity mode-matching loss, etc. Within the context of the@US parameters of the system. There are three'parameters that
discussion of Sec. Il C, particularly the effects of the spectal’V€ c@n change: the degree of squeezagquantified by the

tor atoms, this additional loss mechanism now seems cleaPPO 9ain G), the amplitude( of the reference field, and
though it was by no means so in the beginning stages of ththe detuning of the probe field. An additional parameter that

experiment. The discussion of these details will be resume}® ¢an change is the effective number of atoms present in

in Sec. IV. the; c_avity, although for this _control parameter we only have
a limited number of data points.
18 ' Now consider the schematic of Fig. 8. We probe the 1D
¥—— Thermal <P> =1.93 +/-0.47 H i
00 Souasaed <Po = 1.78 4. 045 atom with the wea_lk probe. First we apply the resonant co-
herent reference field to saturate the atoms to some desired
10k ) level (a). [Figure 8a) is a qualitative plot of the normalized

transmission as a function of reference field power. It dis-
plays the saturation behavior of the 1D atom. For measure-
ments and a further description of this property, see Refs.
sr ] [90,102,104] In the presence of the reference figland
normal vacuuny the transmitted probe field will be at some
dc level indicated by the dashed line in FighB Next we
N 1 apply the squeezed field and monitor the probe transmission
\}/{/ as a function of the phase of the squeezed field with respect
W to the reference field. The transmitted probe field will oscil-
. . late at twice the frequency at which the squeezing is rotating
e 10 0 10 20 around the coherent reference field indicated by the hypo-
thetical solid curve in Fig. @). Let us emphasize that for a
weak probe, which we are considering here, the modulation
FIG. 7. Averaged difference spectra, thermal and squeezed. Thef the probe will be independent of its own strength, bot
coincident atom-cavity resonance is at 0 MHz. independent of the strongsaturating reference field

A

o

Frequency { MHz )
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strength. The reason for the modulation of the probe trans- ' ' ' ' ' '
mission can be understood as the direct response to a modu- - 300 Hz
lated saturation level that depends on the relative phase of L 150 Hz
the squeezed vacuum with respect to the reference field, bl \NW i
through an alteration iry, , , of Eq. (21), for example. In PPNl by o i, |
particular, for the case when the phase of the squeezed 80
vacuum is such that the displaced squeezed state has excess
noise along the reference field amplitude, one expects a
higher degree of atomic saturation. In contrast, for the choice
of phase for which the squeezed noise is suppressed along
the reference field, the saturation decreases. Here we note
that the above argument for modulation of the transmission -
holds true not only for the case where we displace the quan-
tum squeezed vacuum but also if we have displaced a clas-
sical squeezed statehich also has asymmetric quadratyres
or even in the simplest possible case if we mix the reference FG, 9. signal from the DSA, after rf demodulation from the
field with another phase coherent laser field and then varga. peaks such as this for a variety of parameters are used to infer
their relative phase. Hence, as discussed earlier in the Intrqy__.

. . . pp
duction and Sec. | C, simply the fact that the transmission of
the probe beam is modulated is by no means a proof of
nonclassical effect being observed.

The level of the transmitted probe field with squeezing
will be different from the level without the squeezed field
which we will suggestively call the “vacuum-only” levelt
is the transmission of the probe with only vacuum fluctua-
tions on the coherent reference fiel@ould it be the case

that a dip of the transmission below this vacuum-only IevelOf the reference beam as the PZT is scanfibd scan dis-

is one of the elusive indicators of the quantum nature of th‘?ance is only on the order of the optical wavelengffihe
squeezed field? In other words, is this level analogous to the | .-, frequency of squeezing-ellipse rotation is deter-
vacuum level defined by the shot noise of a local oscillator .- by making an interferometer with the coherent refer-
on a photodiode? The answer is not completely straightfor-ence and an auxiliary coherent beam on the same path as the
ward. Apparently, in some cases it is; in some cases, itis no

In Sec. Il we will explore the relevant parameter space to&queezmg. A typical DSA trace is shown in Fig. 9. The peak

find th locati in which th v level | at 300 Hz shows that the probe transmission does indeed
'md' tose kQC"’; '0315 tht Ich the ;/aCL;]um-o; y 1evel IS any,ye frequency content at twice the frequency of rotation of
Indicator akin 1o the shot noise of a homodyne squeezing, squeezing ellipse, which is independently determined to
measurement. We stress at this point that the measure ofb% 150 Hz

nonclassical effect that we are considering is not identical to" "\ v 4w -+ \vhile the frequency-domain SNR is respectable
a me.asu.rement in which the noise specFrum of a squeez%ie were never able to resolve directly the modulation in the
field is directly compared to the shot-noise level of a LO.

H idering theobe t - time domain. Therefore, due mainly to technical limitations,
ere we are considering hm_ao € ranSMISSIORS a Measure o gre ynable to measure the probe modulation with respect
of the potentially nonclassical interaction of the squeeze

d the 1D at o the vacuum-only level. We can, however, measure the
vacTuhum an te f a (t)rzn h iti i peak-peak magnitude of the modulation. If we defigs v)
€ apparatus for tné phase-Sensitive measurements 1z 4, transmittedmplitudeof our weak probe beam, then a
shown in Fig. 4. The phase of the squeezing relative to th

reference field is controlled by the piezoelectric transduce?oiasigrig;;gsieﬂggngn%i otf)yt htehé) g?\;rhp;ﬁllljdgroft?gcmjc;]itljla-

(PZT). The refere_nce_ field is mlxe_d_ with the squeezing on %odulation,” defined as
beam splitter, which induces negligible loss to the squeezing.

Based on the expected size of the modulation sigmato
25% modulation in Fig. 15, e.g.the measurement should |AS (v)—Ap (V)]
have been straightforward; it turned out not to be. The mea- appzmy (32
surement procedure consisted of the following. As the phase
of the squeezing is rotated with respect to the coherent ref-
erence field with the PZT of Fig. 4, a modulation in the which is normalized to the vacuum-only levalr®*¥v).
probe transmission is monitored as changes in the probe-L®he plus and minus refer to orthogonal phases of the squeez-
beat-note size on the spectrum analy@#). Unfortunately, ing (the case where the displaced squeezed state has noise
this signal was too small to be resolved in the time domaingxcess and noise suppression, respectiveljrich we as-
but was well resolved in the frequency domain by sendingsume to be correlated with the maxima and minima of the
the rf-demodulated beat-note signal from the SA video out tgorobe modulation. This assumption is justified by the theory
a Hewlett Packard model HP3562A dynamic signal analyzeand is confirmed by the appearance of the peak in the
(DSA), which was used essentially as a low-frequency specmodulated-probe power spectrum at.2For resonant probe
trum analyzer. The DSA registers a peak in the power speaneasurements=0.

0 100 200 300 460__ 500 600
— frequency [ Hz] "~

- ~
T T T T T

~

power in modulation (arb. units)
\

260 280 300 320 340
frequency (Hz)

frum corresponding to twice the frequencyf(2 at which

the squeezing ellipse is rotatefl . There is no peak when
the atoms are not present, confirming that the modulation is
' not merely a result of the squeezing ellipse detected on the
heterodyne(there is no simple way for this to be the case
anyway. That there is also no peak &tindicates that the
transmission modulation is not due to, e.g., a misalignment
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FIG. 10. Amplitude fractional modulatiom,, vs OPO gain xpr cQED-052196
G, . The reference power B, =50 pW andN=0.7 atoms. c 1.0
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Unfortunately, in this experiment we had no direct means 3 0.8 - HH
to compare the quantum system with a classical system as ’-=’ th
we did in the spectra measurements. The logical choice 0.6 -
would have been classical squeezing as discussed in Sec. I, g ) ]
but a source of this type of light was not realized. Nonethe- % ._l.
less, we were able to map out the behavior of the system g 0.4—'.
under variation of many parameters and the results agree § L_
quite well with the functional form of predictions. The abso- % ¢,2
lute magnitude of the effects was, however, significantly be- ::;
low theoretical predictions for an ideal system of a single § 0.0

atom in a cavity; however, the predictions are actually quite 0 25 50 75 100 125 150 175
good if all loss mechanisms are accounted for in the treat-
ment. This will be discussed in Sec. IV.

We now turn to the measurements and the data. The dis- £ 17, Amplitude fractional modulatioa,, vs coherent ref-

placed squeezed field is nominally at the frequency of therence poweftop). Saturation of the normalized probe transmission
common atom-cavity resonance. We attempted to avoid conr, ys coherent reference power, no squeezing, for the same param-
tributions to the signals from the spectator atoms by 9oing tQers as abovébottom). N=0.6 atoms for both figures.
ever smaller mean atom numbers. It was typical for us to
work in the regime oN~0.5 atoms. At this operating point transmissiop its level must have an effect on the probe
the influence of spectator atoms is smaller, but of courséransmission that is larger than the modulation itself. Indeed,
hand in hand with this is that the empty cavity is a dominantthe modulation does increase as the reference field increases.
contribution and the overall size of the effect is smaller.  The modulation amplitude reaches a peak somewhere near
Figure 10 shows the amplitude fractional modulatiggpy, ~ the point at which the probe transmission is halfway between
of Eqg. (32) as a function of the OPO gaiG, for a fixed its value for an empty cavity and its value for atoms in the
coherent reference power of 25 pW. The coherent referenceavity with no applied reference field. Again, this is probably
power is measured via its beat note with the local oscillatonot surprising, as the saturation slope is steep at this point
on the heterodyne detector, which is calibrated to account faand levels off in either direction. However, again, in keeping
efficiency of overlap of these beanfwhich are generated with the idea of the reference field as a local oscillator, the
from independent lasersWe expect that the probe transmis- “detector” (in this case the probe transmission of the atom
sion modulation will be larger as the degree of squeezing isavity) eventually saturates to too large a degree and the
made larger, as this causes the largest asymmetry betweerodulation is no longer present. The data certainly support
the quadrature amplitudes of the squeezing. On the othdhis idea. The saturation curve for the probe transmission
hand, the fractional modulation eventually saturates, in keepaver the same range of coherent reference pofiverthe
ing with the idea that the effect of the squeezing is not lim-same unitswith no squeezed field is shown in Fig. ot-
itless, as seen in Figs. 14 and 15. Thus the trend of the datam) for comparison(Note that the probe is of fixed weak-
is certainly reasonable and in keeping with expectations, buield power in this trace; it is the reference field power that is
the absolute magnitude is smdffactional modulation of being varied. This is simply the saturation of the “detector”
only a few percent by the local oscillator. Thus the data show the intuitive
Figure 11(top) shows the amplitude fractional modula- trends, but are much smaller in absolute size than expected.
tion ap,, as the reference power is increased for fixed OPO Figure 12 shows the amplitude fractional modulatigy,
gains ofG=5 and 10(for slightly different numbers of at- as the probe detuning is varied for fixed reference power and
oms. Clearly, if the reference field is acting as sort of a localOPO gain. The squeezing frequency is fixed on resonance.
oscillator for the squeezingvia its saturation of the probe The effect of the squeezing is most noticeable on resonance,

Power (pW)
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0.035 plete program of measurements that could in principle be
£ 0.030- } made to determine whether our specific system behaves in a
= manifestly nonclassical way. In this light, we restrict our
3 00257 attention to properties that can be measured in a relatively
E 0.020] : % straightforward manner, such as the probe transmission,
§ % I while avoiding more complicated measurements such as
g 0.0157 ! { two-photon correlation or two-time correlation measure-
& 0.010 % % % ments, which would also be viable approaches. The theory
o H was largely developed while we still believed that we could
B 0.005 ! 1 i e : ; )
2 : by measure the position of the modulated probe field with re
g 0.000 $ ’ spect to the vacuum-only level, so a large portion of the
< treatment focuses on this issue. This measurement by itself
-0.005 : . . . . S
15 10 5 0 5 10 15 can distinguish quantum effects from other types of effects
Probe Frequency ( MHz ) under certain circumstances.

If we denote byc andc' the annihilation and creation
FIG. 12. Amplitude fractional modulation vs probe frequency. operators for the cavity mode interacting with the atoms,
Reference powelP =40 pW (G.=6.5 data and P,,=60 pW then it can be shown that the transmitdplitudeof a weak
(G =14 data; the common atom-cavity center is at 0 MHz and probe incident on the cavity is proportional to the quantity
N=1.2 atoms.

_ ” ivT T
not surprisingly, and falls off away from the center frequency Ap(v) = fo dre""([c(7),c']), (33
of both the squeezing and its “detector.”

To complete the discussion, we also show the fractionajyhere 1 is the frequency of the probe and angular brackets
amplitude modulation, as the number of atoms is varied genote a stationary average. In the bad-cavity limit-@
in Fig. 13. These data are taken over a collection of othet. .y e can adiabatically eliminate the cavity mode: the
parameters, hence the wide variationdpy, at each atom  correlation function appearing in the expression Ayv)
number. We were unable to force the oven to produce angan pe approximated in this limit by
more tharN~ 2 atoms, unfortunately, as it would have been
interesting to mark the point at which the probe modulation 492
disappeargassuming that it does in the many-atom gase ([e(7),cT)y=exp(— k7/2)— —z {[o-(7),0.]) (34

To conclude this section, we have measured the probe
transmission modulation for a squeezed field rotating in 2
phase with respect to a coherent reference field, whose action =exp(— k7/2)— —yC{[o_(7),0.]),
on the atom cavity is qualitatively similar to the mixing of a K
squeezed field with a local oscillator. The trends in the data
are very much as one would expect, but the overall size of

the effects is much smaller than anticipated. We defer a furvhereo = (o +io,)/2 are the(single-ator atomic raising
nd lowering operators.

ther discussion for Sec. IV, when the theory developed irf Gi hat the effecti icd . be d ibed
Sec. Il will be compared directly with the data. Iven that the effective atomic dynamics can be describe
by generalized OBE'’s of the form

(39

IIl. THEORY <(-Tx>: _ 7’x< O.X>, (36)
The goal of this section is not only to develogsngle- _
atom theory that can account for the basic features of the (oy)=—v(0y)+QL0,), (37
experiment in a quantitative way, but also to develop a com-
: Y
5 0.05 <0'z>: - ')’z<0'z>_ §(1+ 2C)— Qy<0y>’ (38)
2
32 0.041 E E E . - .
o H the quantityA,(v), or probe transmission, can be derived
£ 0.03- E (using the quantum regression theorem to compute the re-
g8 % [} E quired atomic correlation functigoras
§ 0.02; i
S 1 yC 1NS+y A+y,
§ 0.01- ¥ Ap(V):—__<0'z>ss SIS 1., NS o
2 K K PN +1v ANl +Iv
E 2
E 0.004
00 05 10 15 20 25 1 0] -1 1
number of atoms T iy + 7P NS +iw + NS tivl (39

FIG. 13. Amplitude fractional modulation vs number of intra-
cavity atoms. 6<G, <20 and O<P,,<150 pW. where
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¥(1+2C)y 0.8
(07)ss= — —QQy (40) i
Yzyy T ALy 0.7
and 0.6}
0.5
S l l S S 2
)\tz_z(')’y—"'yz)iip v P =\/(Yy_72) _4Qsz- L 04r
(41) ® sk
Of particular interest is the transmission on resonance 0.2t
Ay(v=0)=—11+zC{o)ed —+— | ——————F— 1| | [,
ol ) K{ 2 {o2)s Yx o Yy \ Wy ¥zt QyQ, ) S
2 -0.1 - : ‘
, ) 0 5 10 15 20
which we note is purely real. OPO Gain, G,

Analytical expressions foy, , , and(}, ,, derived for the . o _
case of finite-bandwidth squeezed light, are given in the Ap- FIG. 14. Envelope of amplitude modulatieff® as a function of
pendix. While these expressions are rather complicated ar@fin G+ for quantum (solid ling) and classical(dotted ling
lengthy, we note that everything is fixed I8 b.. [or G, squeezed light. The parameters afe=5 MHZ, 2k=168 MHz., C
via Egs.(12) and(13)], and the strength of the drive fiefd. :h0'95'h’7:1' anfd KS:Z'?”‘l" as alpproprlate for the experiment.
These are almeasured parametersf each instance of the The coherent reference field amplitude(ls=0.8y.
experiment, so we should have a complete theory to compare
to the experimentalbeit a grossly simplified one in terms of 1D &0m:¥,=5MHz, 2x=168 MHz, C=0.95, »=1, and
the atomic beam with the associated complications posed @3:2_43/“, where 7 is the efficiency of coupling of the
the spectator atoms a e_ezed fl_eld to the (_:avnyThls will be discussed in more
Despite the added complication, and perhaps surprisinghyf€tail later in this section. _
the transition to narrow-band squeezing has only a small F|gures 14 _and 15 help outline the experimental strategy.
effect on the transmission spectra shown in Fig. 2, ever N€ line atetP=0 serves to demarcate the vacuum-only
though our squeezing bandwidth does not cover the full enl€Vel. If the envelope of the modulation dips below this level,
hanced atomic linewidth. Rather than pursue this point furfhis could be indicative of a purely nonclassical effect. We
ther, we will now turn our attention to the phase-sensitivedttempt to determine whether this is so by plottify® for
technique. both the quantum squeezed case and the classical squeezed
The quantities we focus on are formally the maximumcase. In Fig. 14 only the quantum squeezed case dips below
and minimum of the phase-sensitive transmission amplituddhe vacuum level; the classical squeezing goes immediately

We define the normalized modulation amplitudes as up from zero gain. For this level of coherent reference field,
the dip below zero does seem to be an indicator of a non-
A (r=0)-AF*Hv=0) classical effect. However, in Fig. 15 for a stronger reference
etP= ATOST,— () , (43 field, both fields dip well below the(now irrelevant
P

vacuum-only level.
In fact, under the assumption that alterations of the atomic

in which AS® *{(»=0) represents the transmission amplitude L
v,z are small(as is evidently the case

with only the coherent reference field and no squeezingparameter%vyvz andq}
A;(VIO) is the amplitude transmission when the noisy

guadrature of the squeezing ellipse is aligned with the refer- ’ ' PP
ence field ¢=0), andA, (v=0) is the amplitude transmis- 0455 - e e
sion when the quiet quadrature of the squeezing ellipse is e
aligned along the reference fieleh € 77/2), with reference to 0.1
the definition of¢ from Fig. 8. Equation(43) is a measure of
the height aboved”">0) or below ”P<0) the vacuum- .05l
only level. 2.,
We must determine the behavior of the probe transmis- = | [ ____________ ool 7T

sion for inputs other than squeezed light in order to identify
an effect that is unique to squeezed light. Rather than per- 4|
form an exhaustive search, we will take a classical squeezec
field as the test case, as it is a nonquantum field with fluc-  _,,|
tuations that vary with phagsee the Appendix for how we

model this case In Figs. 14 and 15 we plot the normalized  _j 5
envelope of the modulatioe?? for both quantum squeezed 0
light and classical squeezed light as a function of OPO gain

G, for different values of the coherent field amplitude. Pa- FIG. 15. Same as in Fig. 14, but with larger coherent reference
rameters are chosen to be similar to those of our DOPO aniikld amplitudeQ =27y.

10 15 20
OPO Gain, G,
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for the present experimenit is possible to express the am- 0.20 T T T T

'ilrilgustgg Aj(sz) as the sum of the vgcuqm—only value o015k |
D v=0) and a correction term that is directly propor-

tional to the small deviations of the atomic parameters from 0.10F -

their vacuum-only values. One is then able to identify explic- <

itly a regime in which a negative value of the correction, i.e., 0051~  [squesezing .

a dip below the vacuum-only level, can only result from

. . ; . . . 0.00 freveresmmeremamfennennne e N qezmreennnenes
negative deviations in the atomic parameters; in particular,
from reductions in one or more decay rateslow their -0.05 1 1 1 1 1
vacuum-only level, which can only occur with quantum 0.20 | | | | |

squeezed light.

Thus there does appear to be a regime in which quantum 015 .
squeezing has a unique effect, but it is a limited regime.
Unfortunately, in addition, the regime is defined by the drive
field strength, which is not necessarily known to sufficient
absolute accuracy, and the relevant regime is also in general
for low gain, where the overall modulation signal is smallest.

Finally, we note that we have tested this analytic theory
against a full numerical simulation of the master equation for 0. 4 2 o o 4
the combined quantum OPO plus atom-cavity system. The
results are that the two approaches give reasonable agree-
ment with one another, with the decorrelation approximation |G, 16. As the coupling efficiency; is decreased, the differ-
giving a slight underestimate of the size of the probe transence spectra, for squeezed and thermal excitation become in-
mission modulation over the limited set of parameters testedreasingly difficult to distinguish.

It is important to keep in mind, then, that while the analytic

decorrelation theory provides a very convenient test for comthe squeezed field to the cavity and to minimize propagation
parison with the data, that it is not exactly correct, even forosses, the overall size of the effects never improved. To
an ideal scenario. The alternative of running Complete Nuconfirm that the squeezing was actually surviving the trip
merical simulations is, however, unreasonable given th@etween laboratories, a homodyne detector was constructed
computational demands of such a task. Indeed, it is not at all‘nmediately in front of the atom cavity and the squeezing
clear that the effort would be worthwhile given that the ex-was measured to be in agreement with that obtained just
periment presents complications for which there is little hopeoutside the OPO cavityIn addition, the correspondence be-

of making direct calculations. tween the OPO gain and the degree of squeezing was experi-
mentally confirmed so that a simple measure of the OPO
phase-sensitive gain is sufficient to confirm the presence of
squeezing.

The discussion of the comparison of theory and data be- Let us now consider the losses in more detail. These
gins with the parametes. All experimental evidence indi- losses come from several sources. The first is the transport
cates that, simply put, the size of observed effects is just toefficiency »,=0.92 of the squeezed light from the output of
small. An immediate guess as to why this may be the casthe OPO in laboratory 2 to just before mirrbt, of the 1D
points towards some form of loss of degree of squeezing aatom cavity in laboratory 1. The second contribution comes
the site of the atom. We parametrize the overall loss by thérom a birefringence of the 1D atom cavity that causes the
quantity 7. circulating polarization to be slightly different from the ex-

To underscore this hypothesis, consider first the probéernal polarizations, which are essentially perféct 1%).
transmission spectra measurements of Sec. Il D 1. By far, th€his causes an effective loss in the interacting polariza-
most disappointing aspects of these measurements are ttien, modeled by ary,=0.91. The third loss mechanism is
overall size of the effects and the relative height of the twodue to imperfect mode matching of the squeezed beam to the
difference spectrum peakthose due to squeezed and ther-1D atom cavity, givingn,,=0.95. The fourth loss is due to
mal reservoirs Regarding the size of the effects, from Fig. 2 actual internal cavity scattering and absorption losses at the
we expectA,~0.4 for the range of OPO gains of Fig. 7, mirror coating as quoted above in the quantily, which
whereasA;~0.1 is measured. As for the relative heights, theleads ton.=0.77. Together then, all the easily measurable
prediction based on the theory of Sec. lll is that the height ofoss contributions lead to a total “experimental” 1088,

A should be approximately half as large as thatAgf(a = %7 7mm=0.61. If we now also include the loss due to
Lorentzian that narrows without losing height will lead to a spectator atomsyg,.cas discussed in Sec. Il C 2 and define
difference spectrum that dips to zero at line centehile in  the total 10SS751= VexptTspec WE g€L

Fig. 7 they are almost indistinguishable. As shown in Fig.

probe frequency (in y units)

IV. COMPARISON OF THEORY AND DATA

16, it is only as the efficiency of coupling of the squeezed Cmeas=1.24, 7spec=0.41, 7= 0.25;
(and thermal field to the atom cavity is decreased that the
two predictions fall atop one anothérote that these curves Cmeas=0.95, 7spec=0.49, 74=0.30;

are calculated for lower OPO gain than the data of Fjg. 7
Even with a significant effort to improve the matching of Cmeas=0.70,  7spe=0.57, 7= 0.35;
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Crmeas0.55,  75pec=0.63,  7;=0.38. experiment averages the modulation signal over all time.
Consider the following simplified situation. In the absence of
Unfortunately, at these levels of, the difference between spectator atoms a single atom pops in and out of a position in
squeezed, thermal, and classically squeezed fields is difficulhe cavity at which it is optimally coupledlt does this on a
to resolve. This is not surprising since the quantum fieldtime scale much faster than the modulation frequerwr-
becomes more “classical” the larger the losses. ing those times when the atom is optimally coupled, we mea-
Excessive losses plague us in the same way with thgyre a transmission amplitude modulation of sizeWhen
phase—sens.itive measurements. The effept of increased l0ss@g atom is not in the cavityuncoupled we observe a dc
due to7pecis to reduce in all cases the sizeaf, (roughly  |eyel of the empty cavity, with no modulation. If the atom is
by a factor ranging between 2 and. 4he distinction be- -6 pled to the cavity for some fraction of the tiethen the

tween the cases of quantum and classical squeezing remaigge | modulation signal that we measure will be an average
(butis smaller in absolute terin the sense that for a given of the optimal modulation with a signal that has no modula-

7 the size ofap, is _always greater for excitation with uan- tion. Thus the amplitude of the modulation will be reduced to
tum rather than with classical squeezing. Although this is

true of the theory, experimentally we have no direct way ofa valuef A. This situation is not all that far removed from the

measuringsyecand hence we cannot unambiguously distir]_exper!ment. In reality a smgle near-optimally coupled atom
guish between the two cases since for all intents and pu2°PS I and out of the cavity mode from the sea of spectator
poses theshapeof the classical and quantum curves is iden-a_toms' It does this on a tl_me scale cqrrespondlng to the tran-
tical and they differ only by an ill-quantified scaling. sit time of atoms crossing the cavity modg~ 200 ns,
Despite the tremendous difficulties inherent in a compariWhich is quite fast compared to the 300-Hz modulation fre-

son of theory and data for this experiment, the data do shofuency. If we separate the effect of the spectator atoms and
clear trends that are qualitatively very similar to the trends ofump that into the loss parametex., then the remaining

the theory. We will therefore now attempt to determine theeffects are due to a single atom of interest. Because we de-
best estimates of the various parameters that match tHee the boundary between the domain of spectator atoms and

theory to the data. The results are shown in Fig. 17, in whichhat of the mode itself to bg;/g§~(0.56)2 (Sec. 1A 2,

the amplitude fractional modulatiomy, is plotted as a func- s single atom experiences a range of couplings frorg.3
tion of various experimental parameters, with best fit curveg, C,. From simulations of the atomic beafor from ana-
from quantum squeezingolid curves and classical squeez- Iytic calculationg it is seen that the atom is strongly coupled

ing (dashed curvespredictions overlaid, corresponding to ie a(r)>05 Sec. Il A 7l anvwhere from 60% to 30%
the fit parameters of Table I. Figures(arand 17b) com- E)f t.ﬁg(ti%e(de%gﬁding.on th]e atmic flux and h(:rng, 0
eas

g?(rje Sti?:'”gﬁ;alz?é Fll%é)lgﬁg‘/’vgih%r%bsiadg;ugig)gtlooize?g and how one treats the cases with two or more optimally
. . P

OPO gainG., ) and Figs. 1) and 17f) the data of Fig. 11 coupled atom)g What we are effectively_achieving is to mea-
(top). Figure 17d) is another set of data far,, vs coherent sure an effective value pf the .near-opt'lmally coupled events,
reference field power. w_elghte_d over both _thelr spatial _coupllng and the frequency
Before we continue, we must point out what is obviousWith which they attain that coupling. Thus the valuesf
from Fig. 17: The data do not overwhelmingly and convinc-are in keeping with the 30—60 % occupation frequency and
ingly match the theory. The small size of the effect makeghe 0.3;—C; coupling range.
the SNR quite unfavorable, thereby making a comparison of These parameters arising from the distribution of atoms in
data and theory difficult. Furthermore, our only hope of dem-the atomic beam #g,ec and f, which relatesCpeasto an
onstrating a distinct quantum effect of the squeezed-light-ffective single-atom coupling strengtblay a crucial role in
atom interaction is with a direct comparison to the theoryour ability to distinguish between classical and quantum
since we cannot in the laboratory generate a sufficient set gheory. For the data of Fig. 17, fits to the quantum squeezing
classical noise reservoirs for a direct empirical comparisonand classical squeezing theories are of indistinguishable
Nonetheless, we can explain why it is the case that the exguality, yet yield consistently different values fGx; over a
periment was drastically more difficult than existing theorieswide range of parameter<Ci<Cf} in all cases. A more
could have predicted, which in itself is noteworthy. precise knowledge ofgpe, f, and experimental parameters
The focus of our efforts to match theory to data fallsG, , N, and P,,; would uniquely determine the expected
mainly on the parameteZ; . While each of the six data sets value of the single-atom effective coupling and the agree-
considered here is a measurement of the peak-peak probgent(or otherwisg of C3%andCS with this value could then
transmission amplitude modulation as a function of differentye ysed to distinguish the theories. For a well-parametrized
parameters, we can consider all quantities exceptCfas  atomic beam, a somewhat more rigorous approach would be
known, that is, the reference power, OPO gain, and detuningy average the theoretically predicted modulation over the
are all fixed at their measured values amds chosen to be djstribution of atomic positions in the cavity modesti-
the value expected fromy,,. We then let the data choose a mated by simulation of the atomic beanThis averaged
best value oCy;;. From Table | notice that the valuesGfy  theory could then be directly compared with the data traces
are consistently low relative 16,5 (Cf gives the best fit and along with accurate knowledge of our experimental pa-
to the theory with quantum squeezed input a’rfhfor clas- rameters possibly yield a distinction between quantum and
sical squeezed inputWhat do we expect fo€y;? We an-  classical descriptions of the system.
ticipate that it is only the events in which a single atom is In the absence of such a precise knowledge of the atomic
well coupled that participate in the modulation signal, yet thebeam, the results fdC;; are found to be consistent with our
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FIG. 17. Theory on data. The results are summarized in Table I. The solid curves are the best fit to the quantum squeezed prediction and
the dashed curves are the best fit to the classical squeezing prediction. The quality of the fit and the measured constraints on the parameter:
are insufficient to distinguish between the two theories.

estimates ofys,ecandf for either theory and are taken to be their range of coupling result in a reduced effective cooper-
a reasonable corroboration of the following two ideéi$: ativity.

that the spectator atoms lead to an additional loss factor that There is more to consider in the data-theory comparison.
greatly degrades the size of our modulation signals @hd The gain is a directly measured quantity and can be simply
that the intermittency of those atom-cavity events that giveelated to the parameters of the theory, so it poses no par-
rise to the modulation signdthe well-coupled eventsand ticular difficulties. The reference power, however, does not
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TABLE I. Summary of the fitting parameters.

Data set Creas Cfsno Cgll Se G, 7spec Ttot

Fig. 17a) 1.24 0.19 0.20 33 14.0 0.44 0.268
Fig. 17b) 1.24 0.18 0.21 33 6.5 0.44 0.268
Fig. 17c) 0.95 0.27 0.33 27.9 0.52 0.317
Fig. 17d) 0.95 0.20 0.23 27.9 5.4 0.52 0.317
Fig. 17e) 0.70 0.24 0.28 23.8 10.1 0.61 0.372
Fig. 17f) 0.55 0.18 0.23 21.6 51 0.67 0.409

appear directly in the theory; instead the paramétatoes. experiment pertaining to issues that have never before seen
In principle, it is possible to relate the two quantities as longthe harsh light of the laboratory.

as all the details of the experiment are well known. Given the

uncertainties of these parameters, there is a better way to ACKNOWLEDGMENTS

attack the problem though. We have both measured and cal- ) i )
culated “saturation” curves. The measured curve comes We appreciate the assistance of Professor Eugene Polzik
from blocking the output of the OPO while scanning the@nd Dr. Robert J. Thompson in the early stages of the ex-
power of the reference field and is shown, for example, in th@eriment. This work was supported by the Division of
bottom graph of Fig. 11. The calculated version comes fronf=hemical Sciences, Office of Basic Energy Sciences, Office
the theory by simply “shutting off’ the squeezing and scan- ©f Energy Research, U.S. Department of Energy.

ning the power of(). By fitting the two with a free scaling

parametelS, the two quantities can be related and picowatts =~ APPENDIX: FURTHER THEORETICAL DETAILS

of reference power can be converted to value€)éf with In this appendix we outline the theoretical approach we

the results shown in Table I. Of course this method suffer. y :
from the same difficulties as discussed above, but is adequa?é:\éeﬂtakzr;;% ;jrier:g”?ng tﬁ)ép;?ﬁgs;g_n; J?nr I)hpeti é) ;r%r;;?ﬁ'%u a
Y.z

for the purpose "’}t hand.. Th's methodl accounts for faCtorﬁons. Having adiabatically eliminated the cavity mode and
that would otherwise be difficult to take into account, such a%ollowing for example, Refs[22,29, one can derive the

the dlffer.erlwce in saturation between one Ioca-llged atom W'trétochasticOBE’s
cooperativity C and a sample of atoms withN=1 and
NC,;=C. ox=—[(y2)(1+2C) + yyloyt+ ax(t)o,, (Al)

CONCLUSION Oy=— [(y/2)(1+2Cy)+ ')’tr]a'y"' Qo+ ay(t)o,, (A2)
Given the complexity and difficulty of this experiment, it .
is remarkable that the data follow a trend faithful to a sim- ~ 0,= — ¥(1+2C1) — y(1+2Cy)0,— Qoy— ax(t)oy
lified (yet still complicated theory. We have observed
e e oy ~ay(t)oy, (A3)

modification in the response of our atom-cavity system when

a squeezed vacuum is injected into the cavity. In particularypere o (1) and ay(t) are noise terms modeling the effects
the transmission to a weak probe beam is dependent on the squeezing from the OPO output on the effective cavity-

phase of the squeezed field relative to a coherent saturating,jifieq vacuum field experienced by the cavity-confined
field, resulting in a modulated probe transmission as theﬁt%

L om. The statistics of these noise sources are defined by the
phase of the squeezing is scanned. We have mapped out t ments
amplitude of this modulation as a function of our various

experimental parameters, OPO gain, probe detuning, coher- {ax(t))=(ay(1))=0, (A4)
ent saturating field strength, and atom number, fitting theory
curves to these data to infer the coupling strength. b? —b?
It is unfortunate that we are not, however, able to make (ax(t)ay)= iZnyclTe*bi‘
any definitive statement that we are observing manifestations *
of the nonclassical interaction between atoms and squeezed =27yCy(N=M)b. e P!, (A5)
light, a result that we attribute to unforeseen additional loss
mechanisms arising from our thermal atomic beam as a b% —b?
source of atoms. This experiment, along with REF9], (ay(t)ay)=F27yC, b g b=t
points to the unsuitability of this type of thermal source for =
measurement of single-atom quantum effects and to the de- =27yCy(NTM)b e 0=t (AB)

sirability of developing methods for the real-time interroga-

tion of true single atoms, such as those currently being dewhere we have used the notatibn= («4/2) * € with kg the
veloped in our group[100,101. Despite the lack of an OPO cavity linewidth[x=€e/(«¢/2)] and = corresponds to
unequivocal observation of nonclassical effects, there arthe two choices of relative phase between coherent and
nonetheless unquestionably some interesting results from ttegueezed field$p=0 and ¢=m/2. The paramete, is the
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efficiency of coupling of the squeezed field to the cavitythird equation; this is repeated for each equation. Averaging
mode. We note finally that the additional paramejgrap- over the noise, we make a so-calledecorrelation
pearing in the OBE’s has been added to model the effects afpproximation  whereby, e.g., {ax(t)ax(t’)ou(t'))
transit broadening in the experiment. —{ax(t)ax(t')){ou(t")). Noting also that for the choices

We proceed by formally integrating two of the above of phase¢=0 and ¢=m/2 one hag ax(t)ay(t’))=0, the
equations and substituting the resultant expressions into thHfellowing equations result:

i( Y=—[(¥/2)(1+2Cy)+ y,){ )—lftdt’ A +Z(1+20 )+ vy | €M)
ot Ix Y DT Yl Ox p Jo +T o 1) 7T Y
- 7\-+%(1+201)+%r e*“‘”]<ax<t>ax<t'>><ox<t'>>, (A7)
i< >_—[( 12)(1+2Cq)+ ]( >+Q< >_£ ftdt’ N +Z(1+2C )+ eh+(t=t)
ot Oy)= Y 1) 7T Yul(Oy (% p Jo ) 1+ Y
! Q ’ !
At F @420+ yfet >]<ay<t>ay<t'>><oy<t'>>— = [Lavger—en ety
P Jo
X{ay(t)ay(t"))(o,(t")), (A8)

e)\,(tft’)

d 1 [t 0%
5<oz>=—y(1+2cl>—y<1+2cl><az>—ﬂ<oy>—5fodt’ Nt 5(142C)+ %

! t !
Mo+ 2 (142C) + y e+t )]<av<t>ay(t'>><az<t’>>— fodt'e—[<v/2><1+201>+M“—‘ (ax(Dax(t')(ot"))

Q [t ) '
+3 f dt’[er+ (=T ay () ay(t) oy (t")), (A9)
0

where

3 11 —
Ne=—271+2C)~ S =3P, p=\[(#2)(1+2Cy) — 7~ 402 (A10)

Assuming reasonably fast decay of the exponentials, one can set the upper integral limits to infinity. If we also asddme that
is sufficiently large thap is complex and perhaps also of the order of, or larger than, the decay rates in the exponentials, then
reasonable substitutions feer(t')) and(o,(t")) in the integrals are

(oy(t"))=cog(p/2i)(t—t") [{oy(t))—sin(p/2i)(t—t") {o1)),
(A11)
(o (t"))=cog (p/2I)(t—t")[{o,(t))+sin (p/2i)(t—t")](oy(l)).

In this way, the integrodifferential equations above are reduced to differential equations of th€3®ymwith the various
coefficients to be determined by evaluating the various integrals.
In particular, these coefficients afieaving used the substitutions abpve

A (¢ (1+2Cy) + Yo A+ (¥/2)(1+2Cy) + yy

N.—b. N_—D. , (AL2)

1 1
yx=§7(1+2C1)+ Yot ZVCln(NIM)Bbz

1 1 1 1
V=5 (1T 2C) Tyt Vcln(NiM)Em[_ N b tp2 A, —b_—p2 N —b_tp2 )\_—b;—p/Z}

1
N, —b-+p2 N.—b-—_pi2

1 1
% )\—b++p/2+)\—b+—p/2)]' (AL3)

FIN_+ (Y2 (1+2C1) + 4]

1
+ 7C177(Ni'\/|)5b+[ [N+ (¥2)(1+2Cy) + yy]
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1 1 1
V2= Y(1+2Cy) +yCyn(NE M)5b+( —[A i+ (¥/2)(1+2C) + 7tr]()\__b1+p/2+ )\__b:_p/2>

TN+ (¥2)(1+2Cy) + 7]

1 N 1
Ny—bs+p/2 N,—b:—p/2

1 1 1 N 1
Ni—bz+p/2 N,—bz—p/2 AN_—bi+p/2 N_—bi—p/2

QO
—yCyp(N= M)mm(

~ 1 1
+yc“’(N”")bi([<y/2><1+2cl>+yn]+bi—<|o/2> ' [(y/2><1+2c1>+yn]+bi+<p/2>+' (AL9

Q 1 1 1
Q= Q=yCyn(N=M) bz =

N, b-+p2 N, —b-—p2 A —b-+p2 XA —b-—pi2

1 1
+ycm(NiM>Gb:f—[x++(y/2>(1+zcl>+ytr] 7\+—b++p/2_>\+—b+—p/2)

1
TN+ (¥/2)(1+2C1) + 4] )\__b++p/2—)\__b+_p,2> , (A15)
Q=0+ yCyn(N=M) —b Y /2)(1+2C ! !
y— +7 17]( — )6 + _[ ++(7 )( + 1)+')’tr] )\,—b¢+p/2 )\,—bi—p/Z
/2)(1+2C !
+[)\—+(7 )( + 1)+7tr] 7\+_b:+p/2_)\+_bi_p/2
Y Qb 1 1 1 1
FyCn(NEM) b S T N, —b.—p2 A —b_+p2 A —b._pi2
C,7(NFM)ib { 1 ! ] (A16)
— 10+ — .
VAT R [(2)(1+2C) + yg ] +b-— (p2) [(#12)(1+2Cy) + w ]+ +(p2)

These expressions can be further manipulated to eliminate some factors, but the resulting forms are probably not much more
enlightening than those above. For the case in whkilds small, the substitutions of E¢A11) are best replaced simply with
(oy(t"))=(oy (1)) and (o ,(t"))=(0o,(t)), which leads to a considerable simplification of the forms for the coefficients.
Finally, we note that to model the effect ofassicalsqueezing with a finite bandwidtfior comparison with the quantum
squeezing casewe simply setay(t) =0 [ ax(t)=0] for ¢=0 (¢==/2) in the equations above.
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