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Vacuum squeezing in atomic media via self-rotation
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When linearly polarized light propagates through a medium in which elliptically polarized light would
undergo self-rotation, squeezed vacuum can appear in the orthogonal polarization. A simple relationship be-
tween self-rotation and the degree of vacuum squeezing is developed. Taking into account absorption, we find
the optimum conditions for squeezing in any medium that can produce self-rotation. We then find analytic
expressions for the amount of vacuum squeezing produced by an atomic vapor when light is near-resonant with
a transition between various low-angular-momentum states. Finally, we consider a gas of multilevel Rb atoms,
and analyze squeezing for light tuned near Ehénes under realistic conditions.
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I. INTRODUCTION Il. RELATIONSHIP BETWEEN SELF-ROTATION AND
VACUUM SQUEEZING

Quantum fluctuations are the main factor limiting the pre- ~Before embarking on the calculations, we present a quali-
cision of many measurements and the signal-to-noise ratio itative explanation of why self-rotation leads to squeezing.
optical communication. However, shot noise is not a fundaSuppose that we have a strong linearly polarizaidng y)
mental restriction on the precision of an optical measuremerlight field propagating in thé direction through a medium in
if nonclassical states of light are usgt-6]. For example, Which elliptically polarized light would undergo SR. Also
squeezed vacuum has been used to improve the performangéPPose there is a weak co-propagatingolarized light
of optical interferometers beyond the shot-noise lifii]. field. In general, the resultant field is elliptically polarized

A number of techniques for producing squeezed states qnd the p””CiPa' axis of the polar?zation gllipse .Wi” rotate
light using nonlinear optics have been develogsek, e.g. upon propagation through the medium. This rotation projects
Ref. [9] and references thergin ' " a portion of the strong field alontyy Depending on the rela-

It has been known for some time that if linearly |oolarizedt've phase between the orthogonally polarized strong and

light propagates through a medium that can produce nonlinweak input fields, the-polarized output field can be ampli-

ear self-rotation(SR) of elliptically polarized light(see, e.g., fied or attenuated compared to the weak input fighase-

. ) ) ) sensitive gain or logsIn the latter case, we have a negative
Refs.[10-14 and references thereirthe light will be in a feedback mechanism which reduces the field al®dng his

squeezed state after traversal of the medium if losses in the,j\vsis applies even when the weak input field is solely due
medium are sufficiently small. A detailed theoretical study of;y \acuum fluctuations.

this effect for a generic Kerr medium without absorption was ¢ describe squeezing that accompanies propagation of

carried out in Ref[15]. It can be difficult to achieve efficient |ight through a nonlinear SR medium, we first introduce a

squeezing in a realistic Kerr medium because of the absorgshenomenological description of SR. The interaction of light

tion and scattering of light. Nonetheless, squeezed electrasf ellipticity e with an atomic medium of length can induce

magnetic vacuum was recently produced in a nonbirefringengircular birefringence and linear dichroism in the medium.

optical fiber in which elliptically polarized light undergoes This results in rotation by an angleof the principal axis of

SR[16]. the light polarization ellipse. Mechanisms for SR have been
In this paper, we derive a simple formula for the amountdiscussed in, e.g., Refl1]. For optically thin media and

of squeezing generated by a medium which exhibits selfsmall initial ellipticity e(0)<1, the principal axis of the po-

rotation, including the effects of absorptigwhich acts to larization ellipse rotates by an angle

diminish the squeezingIn atomic vapors, one can take ad-

vantage of resonant enhancement of self-rotatamwell as

coherence and interference effeft§—25) to create a me- ¢=ge(0)¢, @

dium in which there is large SR and small absorption. Em-

ploying density-matrix calculations, we analyze vacuumwhere we have defined an SR paramefé¢hat, for a given

squeezing of resonant light in some low-angular-momentunatomic medium, depends only on the incident light intensity

atomic systems and in atomic rubidium. We find that underand frequency. Because the initial ellipticity of the light field

readily achievable experimental conditions, vacuum squeeis small, p<1. We also assume thatdoes not change sig-

ing of about 8 dB can be expected. nificantly as light propagates through the medilire., € is
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independent ofz, so thate(0)=e({)=¢€], an assumption (7)
that we will later show is justified in concrete examples con-
sidered in Secs. IV and VI. Employing the expression for the ellipticity, Ep), in Eq.
The absorption of light by the medium is characterized by(7), we obtain
the parametew; the light intensityl (z) as a function of the
distancez the light has propagated through the medium is
given byl (z)=1(0)exp a2).
The parameterg and « can be measured or calculated

E; (€)~[£(0)e ¥+ gl e(0)5,(0)]e! ¢V,

Ex (£)~&(0)e [ ¥+ gl sing(0)]. (8

In order to describe squeezing of vacuum fluctuations,
(see, Refs[11-14 and Secs. Il and 1, knowledge of one must use a quantum-mechanical description of the light

these two parameters allows one to calculate the amount &€!d. We introduce the quantum-mechanical operé&pfor
vacuum squeezing produced by a given system, in the fol@ monochromatix-polarized light field, which can be writ-

lowing manner. Consider a monochromatic light fi&lgz,t)
propagating in th& direction represented by

E(z,t) =Ex(z,H)X+Ey(z,1)¥,
E.(z,t)=&,(z)co§kz— wt+ ¢p(2)], 2

Ey(z,t) =& (z)cogkz— wt),

whereé&,(z) and&,(z) are the real positive amplitudes of the
x- andy-polarized components of the electromagnetic field,

w is the light frequencyk= w/c is the vacuum wave number,

and ¢(2z) is the relative phase between the two components.
The light field can also be written in terms of its positive-

and negative-frequency componelﬁi,y(z,t) andE, ,(z1t),
where

E(2) . E(2) .
E+(Z,t)= %e'[kz_wﬁ' #(2)]g 4+ y; ) el(kZ—wt)y
&(2) &(2)

Ei(Z,t) = T e*i[szthr ¢(Z)]5‘(+ Te*i(sz wt)y'
()

The ellipticity € of the light field is given by(see, e.g.,
Ref.[29])

1 i(EJEf—E/E))
e= arcsin
2 [Ed*+[E,®

(4)
Assuming that&(2)>¢&,(z), we have for the ellipticity
e(2),

&(2)
&(2)

e(2)~ sing(z). (5)

First we consider an SR medium of lengthfor which
absorption is negligibled{ ~0), and relate the optical fields
at the output to the input fields, using Ed). For simplicity,

we deal only with the positive-frequency components of the

optical electric field. The output fields, (¢) andE, (¢) are
then given by
Ex (0)
Ey ()

1 o

[gx(o)ei #(0)

gy(O) :|ei(k€wt)' (6)

The positive-frequency part of thepolarized component of
the output field is given by

ten in terms of the photon annihilation and creation opera-
tors, &, anda/, respectively, agsee, e.g., Re{3])

& .
EX:E[axel(kZ_ ot) 4 ale—l(kz— wt)]’

€)

where &, is the characteristic amplitude of unsqueezed
vacuum fluctuation$2—4,6]. The creation and annihilation
operators satisfy the commutation relations

[a,,8],]=6(\,\")

[ax.a\/1=0, (10)
where refers to the modédight frequency and polarization
and 5(\,\") is the Kronecker-delta symbol. When one is
interested in the behavior of a multimode field, one can carry
out a sum or integral over the appropriate moteese, e.g.,
Refs.[6,26]). Such an approach is important in situations in
which the squeezing is frequency dependent over the band-
width of the light. Here, we assume that SR does not vary
over the bandwidth of the light and that the measurement
time is much longer than the inverse of the spectral width of
the SR features, so for simplicity, we consider a single-mode
field and make use of Ed9).

Since the degree of squeezing is phase dependent, in an
experiment it is necessary to use a phase-sensitive detection
technigue(such as a balanced-homodyne schei@p. In
such a scheme one measures the electromagnetic field at a
particular phasey with respect to a local oscillator. The
phase-dependent electric-field operd&we, e.g., Ref3]) is
given by

B0 2la(oerrale ), 1D
where we have assumed that the frequency of the local os-
cillator is the same as that of the monochromatic light wave,
and y is the time-independent phase difference between the
local oscillator and the electromagnetic field at the output.

In analogy with the classical formulas for ellipticity, Egs.
(4) and(5), we introduce an ellipticity operatérfor a nearly
y-polarized light beam:

a,(2)—al(2)

D=b e m

(12

whered,(z) and él(z) are the photon annihilation and cre-
ation operators at position This operator gives the ratio of
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the component oE, out-of-phase withE, to E, . Indeed, 2
supposing that thg-polarized field component is a coherent
state|) (which is an eigenstate of the annihilation operator 15
with eigenvaluen=|7|e'¥) at positionz, we can use the ) )
above operator to reproduce H§): {AEg>
2 1
| | &lad2)-al(2)] 0.5
N\ 2ig |
o
& & &z n 3
=g (1) 'g”('zg’siw(z): S sing(a) °© 2z - F %
Y Y Y w3 Local oscillator phase

. . FIG. 1. Quantum fluctuationAE2)/(£3/4) as a function of the
In gna_\logy to Eq(7), we _have for thex-polarized optical local oscillator phasg for the case of zero absorptioa€0) and
electric field after propagation through the vapor of length gl=5.

. & igt ,
E,(0)= 70 a,(0)+ g7[?;\I(O)—:€1><(0)] ex. (149 The optimum phase of the local oscillator for squeezing is

found by setting

It is useful to write the output field operatérx((f) in terms 9
of its own set of creation and annihilation operators as in Eq. —([AE(x,€)]?)=0. (18
(1), in which case the annihilation operatag(€) at the IxX

output of the medium is given by We have

a,(0)=2,(0)+ %[é}:(O)—éX(O)]. (15) 2 cos 2+ g¢ sin2y=0, (19

Let us calculate what happens to th@olarized vacuum SO that the optimum phasg, is

field when light that is linearly polarized alongpropagates

, . . 1 2 1
through the atomic vapor, assuming that there is no absorp- Xopt=3 arctan — — | +( n+ > |, (20)
tion («=0). By using our expression fdi,(¢) from Eq. 2 g¢ 2
(15) in Eq. (11), we find that the phase-dependent operator
describing thec-polarized field after propagation through the Where
atomic medium is N=123.... 21)
. & _
E.(x.f)= Eoéx(O)(e'X—ig«? cosy) The minimum fluctuations in the-polarized output field are
o, ‘ & g2 2+g2?2
+ - al(0)(e ' X+igl cosy). 16 AE )%= —| 1+ :

If the inputx-polarized field is the vacuum sta®, then the 22
expectation value of the output fiekE,(x,€))=0. How-  In the limit whereg¢>1, we obtain
ever,(Ex(X,€)2> is nonzero, so the quantum fluctuations in 2
E.(x,€), given b 0

A6, gven by ([AE, (o O 1)~ 2. (23

<AEX(X!€)2>:<EX(Xl€)2>_(EX(X!€)>2:<EX(X!€)2>
5 In general, since the creation and annihilation operators
_ 0. ; do not commutdEq. (10)], there is an uncertainty relation-
= —(1—2g¢ siny cosy+g?¢? co q
4 ( g XCoSxT9 X ship between the fluctuations measured at a local oscillator

(17) phase ofy and a phase + 7/2 (see, e.g., Ref.3)):

are phase dependent, and for a particular choice of the phase ) ) S 2

x can be made smaller than the fluctuations of the vacuum (AEXCOPNAE X+ 720 1)=| 1| - (24

field (83/4). Figure 1 shows the quantum fluctuations

(AEZ)I(E314) [Eq. (17)] as a function ofy for the case of If Eq. (24) is satisfied as an equality for some phasehen

g{¢ =5, illustrating that there is a restricted range of phaseshe electromagnetic field is said to be in a minimum-
for which large squeezing is obtained. uncertainty state. In this sense, the squeezed vacuum state
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produced by SR is a minimum-uncertainty state, as can be Often, it is useful to characterize the light field in terms of

seen by choosing = xqp in EQ. (24). the Stokes parameters, given in terms of the positive- and
We now turn to SR media that have nonzero absorptionnegative-frequency components of the field (see, e.g.,

One can model a medium with small total absorption in theRef.[29])

following way. We assume that we have an ideal transparent

SR medium. A small fraction of the light transmitted through So=Ex Ex +EyE, ~[&/%,
the medium is reflected away by a beam splitter. At the same P )
time, vacuum fluctuations enter through the dark port of the Si=E Ex —EyE, ~—[&7,
beamsplitter. Thus the squeezed vacuum is attenuated by an P P
amounte” “‘~1— af while 1-e*‘~af of noise is added S;=E,E, +E Ey =&/(E +Ey),

in quadrature. Equatio23) becomes . - . _
S;=i(Ef E, —E, E,))~i&(E; —E,), (32
2

& 4
([AEX(XOpt,€)]2)~ Z()(W-i‘ at |. (25 S0, in the case considered here, we obtain squeezing in par-

ticular combinations of th&, and S; Stokes parameters.

We would like to optimize squeezing with respecttso we
set I1l. DESCRIPTION OF THE DENSITY-MATRIX

CALCULATION

%<[AEX(XOpt!€)]2>=Ov (26) Ip order to.determine the vacuum squeezing produced by
a given atomic system, we perform a calculation of the pa-
rametersg and « based on a standard density matrix ap-
proach. The time evolution of the atomic density-maigix
under the action of the light-atom interaction Hamiltonian
o) 23 H_ = —E-d, whereE is the electric-field vector, andlis the
aéopt=2(—) . (27) dipole operator, is given by the Liouville equatitsee, e.g.,
9 Ref.[27])

from which we obtain the optimum number of absorption
lengths

Substituting the value of ., from Eq. (27) into Eq. (25
and taking the limit wherg/«>1, we obtain
35% A
<[AEX(Xopta€opt)]2>% T( )

9 - Sirpea 32

ai - intHel=Silpt+A, (32

(28)  Where the square brackets denote the commutator and the
curly brackets the anticommutator, and the total Hamiltonian

. . , ) H is the sum oH, and the unperturbed Hamiltoniath,. I'
The squeezing parameteis the ratio of the amplitudes of g the relaxation matrixdiagonal in the collision-free ap-
the quantum fluctuations after and before light pmpagateﬁroximatioﬁ

through the SR medium:

g

(EIMT[EIm) = y+ 08(&.Le), (33

&4
S= \/<[AE (Xoot: Cood 12)° (29  wherey and vo are the ground-state depolarization rate and
Xt Aoptr o the spontaneous decay rate from the upper state, respectively,
The reason thats is the relevant parameter describing @nd & represents the quantum number distinguishing the
squeezing is that in order to take advantage of the reduceg@found statet, from the excited staté, . A=A+ A"P°Pis
noise in the vacuum field, one must interfere the squeezet® pumping term, where the diagonal matrix
vacuum with another field of nonzero amplitude. Then the
dominant noise contribution due to the vacuum appears as a (£4dgM|A°] £gd m)= __YPo (34)
cross term between the real and vacuum field amplitudes. In o9 o7e (234+1)
such a scenaric represents the improvement in the signal-
to-noise ratio over the shot-noise limit.
From Eq.(28), we find

describes incoherent ground-state pumpipgié the atomic
density, and

(£gdqm| AP E3gm')

1 g 1/3
S=— (—) . (30

viie =70 2 (Jg.m.Lalde me)(Jg.m’,1alde me)
Equation (30) represents a general result for the optimal e e
(with respect to local oscillator phageand path lengtH) Xpg JdeMeéedeMe (35
vacuum squeezing obtainable in an SR medium with small
total absorption. describes repopulation due to spontaneous relaxation from

In this article, numerical values fas are given in dB, the upper level(see, e.g., Ref[28]). Here(..|...) are the

obtained by taking 10 logs. Clebsch-Gordan coefficients.
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gas was used to collisionally broaden théSg,—42P,,
transition to remove hyperfine effects.

The solutions can be simplified by assuming that
<1y. For the absorption coefficient as a function of light
frequency detuning\ and in terms of the optical-pumping
saturation parameter

2

d’Ej

K= ,
YYo

(39

whered is the reduced electric-dipole matrix element, we
find

Qg

A A (B0 7 (Fy0) (k1)

(39

FIG. 2. Schematic energy level diagram for tKesystem ( ) ] o
=1/2—J.=1/2 transition. y denotes the relaxation rate of ground- Where ap=a(0,0) is the unsaturated absorption coefficient
state atomic polarizationy, denotes the homogeneous width of the ON resonance, given by
upper stateg, ando_ represent the left- and right-circularly po-
larized components of the light field, whose frequency is detuned n ., 2Jet1 (40)

by A from resonance. aozﬂ)\ 2J4+1°

The electric-field vector is writtefsee, e.g., Ref29]) wheren is the atomic density and is the wavelength of the
light. As a function ofA, a(k, A) is a power-broadened
1 _ , Lorentzian profile. For the self-rotation parameggxve find
E= E[Eoequ(COSQD cose—i sing sine)e'(“"k2 +c.c]x
2 a(k,A)kAlvy

90k 8= 5 T (AT yo) 2+ IO

1 (41
+ E[Eoei“’(singo cose+i cose sine)e'“"kJ 4 c.cly,
From Eq.(41), we see that at low light powersc&1), SR
(36) increases linearly with light intensity. At high light intensities
(k>1), g falls off as k1. We also note that whiler is an

whereE, is the electric-field amplitudey, is the polarization  even function of detuningg is antisymmetric with respect to
angle, andg is the overall phase. By substituting E@®6) A.

into the wave equation From these expressions we find the squeeznkEq.
5 5 5 (30)], optimized in terms of the sample lengtland the local
o A A dy (3p  oscillator phasey,
¢ dzZ c? dt* s
1| 2 KA/’}/O
whereP=Tr pd is the polarization of the medium, the ab- S(K’A)”§ V3 1+4(Alyp) %+ «/9 (42)

sorption, rotation, phase shift, and change of ellipticity per
unit distance for an optically thin medium can be found inThe detuning that maximizesfor a givenx is
terms of the density-matrix elementhese expressions are

i in Ref.[11]).
given in Ref.[11]) Aopt:§\/l+f</9. (43)

IV. ANALYSIS FOR J=1/2—J.=1/2,32 SYSTEMS . . . L . .
The optimum detuning increases with light intensity due to

Using the rotating-wave approximation, we solve E39) power broadening. Substitutin,, into Eq.(42) and taking
for a closed)y=1/2—J.= 1/2 transition(an X system, Fig. the limit of large light power gives the best possible squeez-
2); analytic solutions for the optical response are readily obing as a function of light power:
tained in this case. We assume homogeneous broadening,
since, as will be shown later, the homogeneous width due to K
power broadening exceeds the Doppler width under the con- S(K’Aopt)%(g_?z
ditions where large vacuum squeezing is obtained. This
simple system can be realized experimentally in a number of The number of unsaturated absorption lengths on reso-
different ways. For example, at light powers high enough saance required to produce this squeezing can be obtained
that hyperfine effects can be neglected, Ehk line in alkali  using Eq.(27)
atoms can be treated as a simple-3/2/2 system. Also, SR
in this system was studied theoretically and experimentally
in Ref.[12], where K atoms were employed and He buffer

1/6

d2E2 | V6
(44)

972y,y

2/3 @

a(KaAopt) N 2/3
a(K:Aopt)N(TK) - 49

g(K-Aopt)

a’of Opt% 2
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Performing a similar analysis for a closeég=1/2—J, 0.06
=3/2 transition, corresponding to th22 line in alkali at- 004 @
oms, one obtains S
002
« |16
S(x, Aop) ~ ( 7776) ¥ ©
- /N
42 2B % 0
Aot opt™ TK) ) (46) _zo\/
—40
which is, up to a numerical factor f& the same as for the ) 8 ©)
X-system. E 6
An important assumption in our derivation of E(RO) T 4
was that the ellipticity of the light does not change signifi- §; 2
cantly as the light propagates through the atomic medium. 9100 50 0 % 700

Now we can justify this assumption for the cases considered
in the present section. There are two mechanisms which can
cause “self-elliptization”(SE) of the light field: linear bire- FIG. 3. Plots of(a) absorption coefficiend times path lengttt,
fringence and circular dichroism. In general, because di¢b) self-rotation parameteg [Eq. (1)] times path lengtH, and(c)
chroic effects are related to the absorptive properties of thgacuum squeezing in dB for a-system(Rb D1 line at high light
medium and we are always in a regime whes¢ is small,  power in a buffer-gas-free, uncoated vapor cdlight power is 1
SE caused by circular dichroism is negligible. In R@fl], =~ W. beam diameter is 10am, atomic density is 1§ atoms/cm,
there are two physical mechanisms identified as possibland cell length¢=10 cm.

causes of SR for systems wifly= 1/2: optical pumping and

ac Stark shifts, both of which lead only to circular dichroism. cal dipole trapscan produce alkali vapors with ground-state
Thus SE can be neglected in the present cases. For tielaxation rates~0.1 Hz[31], but the densities achieved to

Light Detuning (GHz)

X-system, the change in ellipticit§je is described by date are too low to obtain the required optical thickness for
optimum squeezing. In order to achiege-8dB with cold
Se 2 a(k,A)k alkali-metal atoms, for a 10@m-long trap (with cross-
€(0)0 9 1+4(Alyp) %+ «/9’ (47 sectional area of 3@mx 30 um), one would need- 10t
atoms in the trap, which is beyond present capabilities.
We see that SE is suppressed by a factoygfA compared Alternatively, buffer gas can be used to reduce the

to SR[EQ. (41)]. Under optimum conditions for squeezing ground-state relaxation rate by lengthening the transit time of
(see Sec. Yandk>1, yo/A~6/\/k—confirming that SE is atoms through the light beam. The transit time can be in-
negligible in our case. These arguments also show why in thereased until the point where the diffusion rate equals the
present cases SE is not an effective mechanism for producirf§laxation rate due to depolarizing collisions with the buffer
squeezed vacuum in one of the circular components of th@as. Under conditions where the transit time is determined

light field. by diffusion, the relaxation rate of ground-state polarization
is
V. ESTIMATE OF ACHIEVABLE VACUUM SQUEEZING D
First we consider the vacuum squeezing attainable by us- y'~ p+alnb, (48)

ing a buffer-gas-free cell without antirelaxation wall coating.
Generally, for a given laser power, a smaller beam diameter . . . .
results in higherx and better squeezin@0]. For a reason- Whergx |s_the light beam d'?mete”b Is the buffer gas
ably attainable 1-W, 10@Q«n-diameter laser beam, the light der1_3|_ty, 2, Is a constant degcnbmg _the _rate of d_e polanzmg
electric-field amplitude is~3 kV/cm and the effective _coII|3|ons, andD~v/_(3nbo-) IS the ghffusmn coefﬂme_ntz(
ground-state relaxation rate resulting from the transit of at'> the average atomic velocity andis the cross section for

oms hough the laser beam 3 Mz For e RIDL e el cOICT% In addlon, one must i ae o s
(which at these light intensities is effectively &Rsystem, 9

x~1CF ands~8.4 dB[Eq. (44), Fig. 3]. From Eq.(45), we transition due to pressure broadening. The homogeneous

see that to obtain this level of squeezing, one must use \é\('dth is given by

relatively dense atomic vapolff~2x10°, for a cell of ,

length 10 cm, this corresponds to a density of Yo= Yot &Ny, (49)
~ 10" atoms/cm).

Various technigues can be considered to reduce thwherea, is a constant describing the pressure broadening
ground-state relaxation rate in order to produce largend  rate. Thus, for a given light power and beam diameter, the
therefore, in principle, improve vacuum squeezing. Coldratio of k' =d?E3/(y4y') to « for a buffer-gas-free ce[Eq.
atom trapgin particular far-off-resonant, blue-detuned opti- (38)] is
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<" oy Yoy 02
— = 2 ) (50) (a)
< vy [v/(3npox?) +ainp](ve+azny) 0.15
A
where we note again that’ is calculated in the diffusion- s 0l
limited regime. We see from E@50) that for n,, too large, 0.05
«'lk is less than one, so there is in fact an optimum buffer- 0
gas pressure at which squeezing is maximized. For typical 10 k ®)
values of cross sections for the relaxation of atomic polariza- 5
tion in alkali-noble-gas collisiong32] and pressure broaden- w® 0 VAN
ing [33], we estimate the maximum achievahté/x to be -5
about 2—3. Thus buffer-gas-filled cells do not appear to allow -10
substantial improvement in squeezing at high light powers.
Antirelaxation-coated vapor cells can also be used to dras- @ 4 (©
tically decrease the relaxation rate of ground-state atomic W
polarization in the alkali metalg34—39. In order to obtain g 2
optimal squeezing in, e.g., a 10-cm-diameter paraffin-coated %
cell, estimates show that the required atomic density is v /\ A
=10" atoms/cm [Eq. (45)]. In this high-density regimey 05 _3 0 3 6
is primarily due to spin-exchange collisions between the Light detuning (GHz)

alkali-metal atoms instead of collisions with the wall, which
greatly diminishes the advantages of using paraffin coating. FIG. 4. Plots of(a) absorption coefficient times path lengtit,
The relatively fast relaxation due to spin-exchange collisiongb) self-rotation parameteg [Eq. (1)] times path lengtt, and(c)
significantly reduces the probability that an atom retains ity/acuum squeezing in dB for tf€Rb D1 line. Atomic density is
polarization upon returning to the beam after traveling aboughosen to be= 10 atoms/cm to obtain the maximum possible
the cell—thereby reducing SR related to coherence effectgdueezing for the given light powét0 mW) and light beam diam-
[11]. These factors indicate that one cannot generate signiffter (0.03 cm, as described in text. The Doppler width isr2
cantly better squeezing via SR by using paraffin-coated cells<306 MHz.

Thus, at present, no system considered above offers sig-
nificant improvement in vacuum squeezing via SR comparedd. (27). As can be seen, even with these modest parameters,
to buffer-gas-free, uncoated alkali-metal vapor cells. How-Squeezing of up to 6 dB can be obtained.
ever, we note that improvements in the experimental tech- The density-matrix calculations also show that self-
niques discussed may change this conclusion in the future ellipticity effects are small for th®1 andD2 lines of 'Rb

VI. CALCULATION FOR THE ®Rb D LINES 0.2 @)
Recent experimen{d.1,13 have studied SR in Rb vapors -~ 0.15
at lower light intensities than considered in Sec. V. We have S 0l
performed density-matrix calculation&Sec. 1l and Ref. 0.05
[11]) for conditions achievable in these experiments. Since 0
our formula for the squeezing parames¢Eq. (30)] is based 0
on the assumptions thgf>1 andaf <1, we are restricted (b)
to light intensities and frequencies where these conditions 10
are satisfied. In addition, our density-matrix calculation treats 20
ground-state hyperfine levels individually. Thus the calcula-
tions are not valid for light intensities so high that the -30
ground-state hyperfine structure is not resolved. In order to a 6
use the highest possible laser intensity in the calculation, we ) ©
study theD1 andD?2 lines of8’Rb, which has larger ground- '%O 4
state hyperfine separation thdPRb. The results of these 3 2
calculations are shown in Figs. 4, 5, and 6. 3 /\
In Figs. 4 and 5, we choose laser power equal to 10 mW 0_6 3 0 3‘ P

(readily obtainable with the tunable diode laser systems em-
ployed in Refs[11,13) and beam diameter 0.03 cm, which
results in the highest light intensity possible while still re- £ 5. piots of(a) absorption coefficient times path length
solving the ground-state hyperfine lines- 10" mw/cn? (at), (b) self-rotation parameter times path length¢f, and (c)
[40]). Assuming a 10-cm-long vapor cell, we find the atomicyacuum squeezing in dB for tHERb D2 line. Atomic density is
density for which the squeezing is globally maximiZedth  chosen to bev=2x 10! atoms/cr to maximize squeezing for the
respect to light detuningby finding the light frequency given light power(10 mW) and light beam diamete0.03 cn), as
whereg/ « is maximized, then fixing the density according to described in text. The Doppler width iss2< 306 MHz.

Light detuning (GHz)

043815-7



A. B. MATSKO et al. PHYSICAL REVIEW A 66, 043815 (2002

9 herence and interference effects, as well as multitransition
effects, play important roles.

Stimulated Raman scatteringgRS may limit the light
intensity which can be used, since for sufficiently high light
intensities, SRS can convert a significant portion of the inci-
dent light power into new frequencies. In addition to the
(@) depletion of the input light beam, nonlinear instabilities as-
sociated with SRS may introduce extra noise. Estimates in-
dicate that the parameters employed in the calculations yield-
ing Figs. 4 and 5 are in the regime where SRS becomes
significant, so additional analysis is required to determine the
manner in which SRS affects the obtainable squeezing.

In a complete analysis of the noise properties of the light
field, in addition to the absorptive properties of the atomic
medium, one must account for the effect of the quantum
noise of atomic statetsee, e.g., Refd.44,45). Estimates

K indicate that in the high light power, high atomic density

FIG. 6. Comparison of squeezing as a function of the saturatioh€gime where the best vacuum squeezing is obtaised,
parametelk for the X-system(dashed lingto squeezing for théa)  also, Sec. V, noise related to these effects is small enough
8Rb D1 line and(b) ¥Rb D2 line. The dot-dashed lines represent that it should not degrade the predicted squeezing.
squeezing folF=1—F' transitions and the solid lines represent
squeezing foF=2—F’ transitions. The range of is chosen so
that the ground-state hyperfine levels can be treated independently, VII. CONCLUSION
as discussed in the text.

zing (dB)

Squee.

We have shown that when linearly polarized light propa-
Bates through a medium in which there is nonlinear self-
rotation of elliptically polarized light, the vacuum electro-
can be neglected, and th2l line becomes aX system, hm;%nggfic:éd;ns?r:}e ?E:tzgg?engi%ag;tﬁgr'i;g?:ﬁgeci' we
while the D2 line becomes dy=1/2—J.=3/2 system, so the ampli P P o

plitude of vacuum fluctuations at the output of the

the analysis of Sec. IV applies. The intermediate regime,

where the hyperfine levels are not fully resolved but hyperMedium to those at the input under optimum conditions.

fine effects cannot be neglected, is beyond the scope of tI.Bens_ity—matrix ca_lcu_lations performed for _re_latively _s_imple_

present work. Figure 6 shows the maximum squeezing as atomic system; indicate Fhat under realistic conditions it

function of  for the X system and th&RbD1 andD2 lines ~ Should be possible to achiee-8 dB. We have compared

for a range ofx where the Rb calculations are valid. It is various experimental systems, such as trapped and cooled

interesting to note that, for this range efthe squeezing in atoms and buffer-gas-filled cells, finding that with presently

Rb can be somewhat larger than that obtained foptlsys- ~ achievable experimental parameters, none of the considered

tem. techniques offer substantial improvement over buffer-gas-
The significant vacuum squeezing that can be obtained ifree vapor cells. We have also performed calculations show-

the RbD lines at these relatively low light powers indicates ing that vacuum squeezing of up to 6 dB should be achiev-

the presence of an enhancement mechanism for squeezirghle in vapors of’Rb with the experimental setups used in

One possible cause of this enhancement is the effect ®Refs.[11,13.

ground-state atomic coherence, which is not present in the Squeezed vacuum allows one to surpass the short-noise

Jg=1/2—J,=1/2 and)y= 1/2— J.=3/2 systems considered |imit in polarimetry [8]. The proposed technique is a simple

in Sec. IV. Recent research on electromagnetically inducegiay to generate squeezed vacuum at light wavelengths use-

transparency and coherent population trapping has showfg| for a variety of applications, such as magnetomé&y—

that it is possible to have large nonlinear couplings with very39 46,47 and discrete symmetry tests in atomic systems

small absorptior(see, e.g., Ref419,41,42) in related sys- [48-5(.

tems. Thus, according to Eq30), one could expect that

systems where ground-state atomic coherence played a sig-

under these conditions. This verifies that the assumptions i
the derivation of Eq(30) are satisfied.
At sufficiently high light intensities, the hyperfine effects

nificant role would be favorable for squeezing. There are also ACKNOWLEDGMENTS
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