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Time-reversal-violating rotation of a polarization plane of light in gas placed in an electric field
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The rotation of a polarization plane of light in gas placed in an electric field is considered. Different factors
causing this phenomenon are investigated. The angle of polarization plane rotation for the trar&iton 6
— 7S, In cesium (=539 nm) is estimated. The possibility of observing this effect experimentally is
discussed.
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[. INTRODUCTION polarization plane of light in atomic gas is examined. Polar-
ization plane rotation caused by the interferenc@-¢fT-odd
Violation of time-reversal symmetry was observedkip ~ and Stark-induced transitions is considered in detail in Sec.
meson[1,2] andB, meson deca}3] and remains one of the lll. Polarization plane rotation caused by nonzero atomic
greatest unsolved problems in elementary particle physics. KDM is considered in Sec. IV. Estimates of magnitudes of
lot of attempts have been undertaken to observe timeeffects for different kinds of transitions are given in Sec. V.
reversal-violating phenomena in different processes experiSection VI examines possible sourcesRsf T-violating in-
mentally. However, those experiments have not been suderactions in an atom and Sec. VII gives estimates of the
cessful. Among them are, for example, measurements cingle ofP-, T-odd polarization plane rotation for thesg,
electric d|p0|e momen(EDM) of neutrons[4], atoms and _’751/2 transition in cesium. Section VIII briefly discusses
moleculeg5-7]. No EDM was found but these experiments the possibilities of observing this phenomenon experimen-
impose strong restrictions on the theory. During the search dally and also summarizes general conclusions.
the EDM of heavy atoms, in particular, tight limits for pa-
rameters of electron-nucled®, T-violating interactions and Il. P-, T-ODD ROTATION OF THE POLARIZATION
the value of the electron EDNb] are set. PLANE OF LIGHT
It is well known that essential progress in measurements . . o .
of P-odd interaction constants was achieved during studiea To |Ilustr§1te the mechanism of polarlzatlon plane rotation
of the optical activity of atomic gases. High precision of ue to the '|nterference Gf'.’ T-odd.and Stark-lnduqed tran-
optical measurements allow us to expect that the investigas-'t'on amplitudes we consider a simple model at first. Let us

tion of time-reversal invariance in photon interactions with (@K€ an atom in the,, state and place it in an electric field.
atoms will provide new limits for constants of Taking into account the admixture of the nearpgt state
T-noninvariant weak interaction. due toP- andT-odd interactions and the interaction with the

As was shown in Ref§8—11] T-noninvariant interactions electric field, one can represent the wave function of an atom

induce several new optical phenomena. They &t¢ in the form:

T-noninvariant rotation of a polarization plane of light in an 1

electric field, (2) T-noninvariant birefringence, and3) S )= —[Ra(r)=R.(r) (o) 7—R(r)(on
T-noninvariant rotation of a light polarization plane in dif- S12) \/477[ ol1) = Ralr){an) 7= Ry (r)(om)
fraction grating with a noncentrosymmetrical elementary R

cell. X(0E)8]|x12)- 1)

Experiments to observe the rotation of a polarization R L.
plane of light in an electric field are under preparation nowHereo are the Pauli matricesi=r/r is the unit vector along
[12,8). Therefore, it is important to attract attention to ther, E is the electric-field strengtiR, and R, are the radial
fact that two effects can contribute Tenoninvariant rotation  parts ofs,;, and p;, wave functions, respectivelyyy,) is
of the polarization plane of light. They are as follows. the spin part of wave functiony and é are the mixing co-
(1) Light polarization plane rotation caused by the efficients describing®- and T-noninvariant interactions and
pseudo-Zeeman splitting of atomic levels in atoms with nonglectric field, respectively, arffl is the electric-field strength.

zero EDM in the electric field13,14,13. . Interference of Stark an@-, T-odd terms changes the
(2) Light polarization plane rotation due to the interfer- electron-spin direction as follows:

ence of P-, T-odd and Stark-induced transition amplitudes
[8-1Q. - . Mo, s o s s -s
The present paper is organized as follows. In Sec. Il the ~ AS()= gRl(r)<Xl/2|(a'n)a'(0'n)(a'E)+(O'E)
general theory describinB-, T-noninvariant rotation of the

X(an)a(on)|xwe)

2
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Here fy is the P- and T-invariant part of scattering ampli-
tude,ﬁsP is theP-odd butT-even scalar atomic polarizability
[16], BET is theP- and T-odd scalar polarizability of an atom
[8], Big is the P-even butT-odd atomic polarizabilityf15],
n,=k/k is the unit vector along the direction of photon
propagationﬁEz E/E is the unit vector along the direction
of the electric field, and; is the third-rank antisymmetric
tensor.

The angle of rotation of the polarization plane is

¢=zkRe(n, —n_)l, (6)

wheren, andn_ are the refraction indices for the left and

o right circularly polarized photons. Vectoes, and e_ de-
FIG. 1. Vector field 4(nE)—2E. Vectors on figure shows di-  scribe the left and right circularly polarized photons, respec-
rection of atomic s;?ln |_r$1,2.state_ if we take ||_1to account admlxture_ tively, ér =T (éxi iéy)/ \/z Using Egs(5) and (3) we can
of py/» State due td-, T-noninvariant interactions and external elec express the polarization plane rotation as follows:
tric field. '

The vector field ﬁ(ﬁé)—zé is shown in Fig. 1. Since\s

does not depend on the initial direction of the atomic spin, _

this spin structure appears even in a nonpolarized atom. The ¢=-

spin vector averaged over spatial variables differs from zero

and is directed annE. Photons with the angular moment

parallel and antiparallel t& differently interact with such a The term proportional tg¢ describes the well-known phe-

gas. It causes rotation of the polarization plane of photons.nomenon of thé>-odd butT-even rotation of the polarization
Let us also note that according to REE0] the magneti-  plane of light. The term proportional t,6 corresponds to

zation of the gas in an electric field induces the magneti¢the P- and T-noninvariant light polarization plane rotation

field H;,4(E). This magnetic field interacts with the mag- about the direction of the electric fie[d1].
netic moment of an atom giving additional contribution to I contrast to thé>-odd, T-even rotation, the reversion of
the rotation of the polarization plane of ligf]. the electric field direction changes the sign of the T-odd
The refraction index of the gas is given by rotation of the light polarization plane. This contrast allows
one to distinguistP-, T-odd effects from the other possible
effects of polarization plane rotation.
(0), 3 According to Refs[8,9] the tensor of dynamical polariz-

ability of an atom(moleculg in the ground statb?;n) has the
form

P+ BET(nen )]l (7)

7N

whereN is the number of atoms per émk is the photon
wave numberf(0)=f;.e’ 'ek is the amplitude of elastic co-

herent forward scattering of photons by atoms. Heamde’ ~ ~ = ~ ~ ~ = ~
are the polarization vectors of the initial and scattered pho-, n=> (9nldifem)(em|di/Gn) + (9nldl€m) (€| di gn)
tons, respectively. Repeated indices imply summation. In the m Eem—Egn—fiw EemEgntfio
dipole approximation (8)

fik=w2aik/C2, ~ ~ . .
where|g,) and|e,,) are the wave functions of an atom in the
where «; is the tensor of dynamical polarizability of an ground and excited states perturbed by electric field nd
atom,w is the frequency of incident light. According to Refs. T-noninvariant interactionsj is the operator of dipole tran-

[8,15] the amplitude of light, scattering by nonpolarized sition, E,, and E, are the energies of atom stafes) and

atomic gas in an electric field is expressed by |em> respectively.
5 In general, atoms are distributed over the magnetic sub-
® . - i
fi f:akqu ['ﬁs elklnyI+IIBE 6.k|nE|+ﬁsE(n he) Sl levels of ground statg,, with the probabilityP(n). There

fore, aj} should be averaged over all state#\s a result, the
(5) polarizability can be written as
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N Tensoraj, can be decomposed into irreducible parts as
ai=2 P(maj. 9)

aik=a05ik+ aisk-l- aﬁ<. (10)

In the present paper we discuss the nonpolarized atomic gadere ap=3 =;;; is the scalar, andaj = 3(ai+ ay)
In this caseP(n)=1/(2]j4+ 1) wherej is the total moment — a5 is the symmetric tensor of rank twayf, = 7{ a;
of an atom in the ground state — ) is the antisymmetric tensor of rank two:

<an| d; |Em><ém|dk|an> - <an| dk|6m><ém| di |§n>

a____ , 11
ik (2jg+ )% mn wgm,gn_ w? D
|
where wemgn=(Eem— Egn)/%. It should be reminded that the denominator of EtR)

If atoms are nonpolarized then in the absencd-ofind  contains shifts caused both by the interaction of the electric

T-odd interactions the antisymmetric part of polarizability is dipole moment of an atom with the electric figfdand the
equal to zero. Therefore, a comparison of E@8.and (4)  magnetic moment of an atom with tfieodd induced mag-

yields netic field H;,4(E) [10]. If Hy is small, one can represent
=i (BEN,+ BE Ne)). (12)  total polarizability B¢ " as the sum of two terms,
PT__
According to Refs.[9,11,16, a correct consideration of Be = Bmixt Bspiit- (15

P-odd butT-even interactions requires one to take into ac-
count bothEl and M1 transition amplitudes. If oniE1l
transition operators are considered in E&), the P-odd but
T-even polarizability3f becomes equal to zero. Bmix=

Here

° 5 [<an|d_|ém><ém|d+|§n>

The evaluation of expressiofi2) for the left (or right) (2igt DA “’Em,En_"’Z
circular polarization of the incident light arIEIIn yields ~ ~
aler el =% gPT. As a result we can represef, _(gn|d+|2em>(em|d,|gn> , (16)
T-odd scalar polarizability of an atom as follows: Oemagn ™ w?
- w (9nld_[em)(emld[gn) wherewen gn does not include the-, T-noninvariant shift of
E =(2- Tk 2 2 2 atomic levels, and
lg n,m Wemgn™ @
VT gnld-[em)(enld|gn)
Bl el 6 PP [“’n' w(@nld- o,
_ plit ;
a)gm,gn_ w? , (13 (2Jgt DA am “’gmgn_ w?
whered. = T (dyid,)/ 2. _ {9nld. [em)(enld|gn) an
For further analysis, more detailed expressions for wave wﬁmgn—wz ’
functions of an atom are necessary. Since constant-,of
T-noninvariant interactions are very small we can use the wem,gn:[Eem(E)_Egn(é)]/ﬁ:

perturbation theory. Leg) and|e) be the wave functions of ) )
the ground and excited states of an atgnolecule in elec- where energy level€, ,(E) and Eg ,(E) contain shifts

tric field E in the absence of-. T-odd interactions. Switch caused by the interaction of the electric dipole moment of an
on P-, T-noninvariant interactionH# 0). According to the  atom with the electric fielE and the magnetic moment of an

perturbation theory the wave functiofg) and|e) take the ~atom with theT-odd induced magnetic field;,q(E).

form Below we consider a small detuning of radiation fre-

quency from resonance frequency of atomic transition.
Therefore, Eqs(16) and(17) can be written as follows:

G-+ I Tg

9)=19)+

1 (On|d_[em)(en/d.[gn)
ﬁmixzzﬁ 2 +1) 2 o
B=le)+3 In ><“'HT|e> 14 Beranl v
e)y=|e

- <gn|d+|em><em|d_|gn>] | 8

whereH+ is Hamiltonian ofP-, T-noninvariant interactions. Wemgn™ @
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1 (9nld-|em)(enld- [gn)
ﬂsp|i'[_2h(2jg+1) an {

B <5n|d+|€m><€m|d|a]>] |

Wemgn™ ®

Wemgn™ @

19

IIl. INTERFERENCE OF P-, T-ODD AND
STARK-INDUCED AMPLITUDES

PHYSICAL REVIEW A 66, 062110 (2002

(eld®e|g)= 2, (—DT N g E-qeq
a.q

:% (—1)RAS(E®e),, (25

where subscriptg andq’ refer to the spherical vector com-
ponents and\g and (E®e)'fQ are the components of irre-
ducible spherical tensors.

In this section we consider the effects associated with Using the Wigner-Ekhard theorem we can represteét

Bmix- Rotation associated witfis,;; is studied in Sec. IV.

as follows:

Let us assume that the electric field is small enough. For

atoms in the ground state, the energy of Stark interactions is
usually less than the difference in energies of levels mixed
by the electric field. In this case we can use the first order of

the perturbation theory. Perturbed stdigsand|e) have the
form

T|g> (m|—dE|g)
l9)= |g>+E| > EI —Eg_Em ,
Hqle —dE
Bl e+ 3 m
(20)

Here H; is the Hamiltonian ofP-, T-noninvariant interac-
and |e) are the unperturbed ground and excited

e K jg)AK.

(26)

Reduced matrix elements¥ (K=0,1,2) are proportional to
the scalar, vector, and tensor transition polarizabilities, re-
spectively. Substituting Eq$25) and(26) into Eq.(21), rep-
resenting the matrix element 8, T-odd E1 transition(22)

in terms of the reduced matrix eleme@|d”"||g) and per-
forming summation ovemy, m, one obtains the following
expression foB,ix:

2 Ree||d™T[g)A'E
3h(2j4+1) \/E(wgm,gn—w)'

Bmix=— (27

states of an atom, ané is the external electric field. We We assume here that electric fiidis parallel to the direc-

assume that the electric field is directed along ztais.
Using Eq.(20), we can rewriteB,,ix as follows:

1
/%imee
XS (gd%"|e)(eld®g)—(gld” |e)(eld%g)
mg Mg Wem,gn— @ ’
(21
where

[Hrlm)(mld..|e)
Em—Eg

(gld.|m)(m[H+|e)
En—Ee

(glaTe)=, 2
(22)
and

(g|dS%e|e)= A Ey (23

is the Stark-induced amplitude of the transition between the

statesg and e in the constant electric fiel& ande is the
polarization vector of the photon:

Aikzz (gldi/n)(n[d;|e) n

(gldi|n)(n[d,|e)
En—Eq '

En_ Ee

Representation of the second-rank tenstrs and g E, in
terms of their irreducible spherical components yigltig|

tion of light propagation and use the expressidfr@(ét)i
=E/\2. Due to the orthogonality ofj3symbols, only terms
proportional to the vector part of transition polarizability re-
main in Eq.(27) after summation over magnetic sublevels.

Equations(27) and (7) give the angle of polarization
plane rotation without considering the Doppler broadening in
gas. Because of the Doppler shift, the resonance frequency of
transition for a single atom depends on atom velocity. In
order to obtain the expression for the angle of polarization
plane rotation in this case we should average @) over
the Maxwell distribution of atom velocity.

If a nucleus has a nonzero spin, we should take into ac-
count the hyperfine structure. After routine calculations the
angle ofP-, T-odd rotation of the polarization plane can be
expressed as

— 47N ke
P AmNel R, 9 Y3 2F )

(28)

1
X R d”TleYAE—].
e(<@J|I I|e) 7

For completeness, we give here the expression for the ab-
sorption length of light in atomic gd4.6],

K2[(gl|Alle)?.
(29

LN f(up) e
=4mNegeas (U3 )
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HereF,, F are the total angular moments of an atom in thefield strengthH and neglect the terms of higher orders, then
ground and exited states, respectivglyandj, are the total-  the level shift is[18]:
electron moments in these states, amslthe nuclear spin. , )

AE;=—H(i| ).

+
Ng= NL The magnetic fieldd mixes states of the sanfe, but differ-
(2i+1)(2j4+1) entF, so the statéj) becomes
is the density of atoms with the total mome#y, [K)(K| )
=lD-2 Heg g 3

i F
K2=(2F 4+ 1)(2F o+ 1)| ¢ g], S

1 Fe Je If the atom has an EDM then the electric field similarly af-
fects the refraction indepsee Eq(17)] and leads to a shift in

Ap=wo\2kT/Mc? is the Doppler linewidth, atomic levels

g(u,v)
f(u,v)

]:{g]{ﬁewz[l—q)(—iw)]}, (30 AE;=—E(i|d}i).

It also mixes the hyperfine states of the atom with the same

where w=u+iv, ®(2)=(2Nm)[Zdte ", u=(w =z Putdiferentr,
—wg)/Ap, v=T/2Ap, T is the recoil line width{g||A||e) o [k)(k|d,|j)
is the reduced matrix element of dipole transition between lh=1i)— 2 Ezﬁ
statesle) and|g). . k=l
As a result we can use the expression describing rotation of
IV. ROTATION OF THE POLARIZATION PLANE the polarization plane of light in a weak magnetic field
DUE TO AN ATOMIC EDM [16,18 for calculations of the effect of the polarization plane

rotation in an electric field. For this we must substitlite
The presence of EDM in the ground or excited state of the " E ,ug—>dg, jie—ds, Whered,, d, are the EDM of an

atom also causes rotation of the polarization plane of I|ght tom in the around and excited states ds the maanetic
We can derive the expression for the angle of the pOIanzat'O'?noment of sgtate an 9

plane rotation performing the calculations similar to those If we neglect quadrupole transition amplitudgtsis pos-
described in Sec. lll, but usings;; instead ofBy,ix. Butin ible, for example, for By, 7Sy, transition in cesiu

this case the calculations can be appreciably simplified if w: hen the anale of bolarization plane rotation has the form
note thatP-, T-noninvariant rotation caused by the atomic 9 P P

EDM is similar to the Faraday rotation of the photon polar- 2NI ) | 1A |2
ization plane in a weak magnetic field. Indeed, according to p= T T (gllA[le)
Refs.[16,18 a weak magnetic field affects the refractive (2i+1)(2jg+1) Aphe hA

index of atomic gas in two ways: through the change of the dg(u U)

magnetic sublevels energies and through the mixing of hy- 01+29(u,v)y1|. (31)

perfine states.
If we consider only terms proportional to the magnetic- The expressions for parameteys and §; are given below:

_(2Fg+1)(2Fe+1) i{i Jg FQH e JUer DRI+ 1) Ap -
& \/6 ( 1) 1 Fe J de( 1) ’ J \Ahf(FeyFe_l)(ZFe 1)

e e
jg FQ
1 Fetl je

[ j Fql [ j Fe| [F 1 F A
x ¢ e e S e (2F+3)
1 Fo-1 jolll Fo=1 joll1 Fo=1 1] An(Fe,Fetl)
i je Fe[Fy 1 Fe
X . —(je]g: Fe—Fg,de—dy,
|1 Fot1 16“1 Fo+1 1]) UeloFeFg demdg,)

and

2F+1)(2Fet1) i iy Fg? . [(Get1)(2j+1 I Je Fel[Fg Fe 1

e e

+(je‘_’jg -FeHngdeHdg v)}
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HereA is the hyperfine level splitting. The first term in Eq. (Hy) AE

(31) arises from the level splitting in the electric field. It ¢(Labs)wﬁm- (35
describes an effect similar to the Macaluso-Corbino rotation z
of the photon polarization plane in a magnetic field. The

second term is caused by a mixing of hyperfine levels with It is i.nteresting to compare these estimates with the angle
the different total momerfE but the same, in the electric of rotation of the polarization plane caused by the nonzero

field. It describes th@-noninvariant analog of the polariza- EDM of the atom. In the absence of hyperfine structure the

tion plane rotation due to the Van-Vleck mechanism. gngle of rotation per absorptlon. length can be estimated us-
ing Egs.(28) and(31) as follows:

V. ESTIMATES L1 Edig defy (DE (Hy)
Let us compare the angle &, T-odd polarization plane eom(Lavs) = 2(2j4+1) fApau  Ap Ap AE’
rotation for different kinds of transitions. The angle of rota- (36)

tion of the polarization plane per absorption length due to the
interference of theP-, T-odd and Stark-induced transition where d,,~(d)(H;)/AE is the EDM of the atom,Ap

amplitudes according to E@28) is expressed by ~ (10 5~10 ®)AE is the Doppler linewidth. Here the value
¢(Lapy does not depend on the transition amplitude
g(u,v) Re(g||dT||e)AE (g||Alle) and has the same order of magnitude for all kinds
d(Laps) = flu.0) > (32)  of transitions considered above.
v \/§|<g||A||e>| For allowed E1 transition, &(Lapsd/ Pepm(Laps
_ ~Ap/AE<1 and dominant contribution to the angle R{,
If detuningA~Ap, theng~f~1. T-odd polarization plane rotation gives the level splitting
The value of the transition matrix element depends on th@gysed by atomic EDM.
kind of transition. For the allowe&?1 transition,(g||A||e) Near allowed M1 transition, ¢(Lapd/Pepm(Lany
~(d)~eay; for the allowedM1 transition(g|[A[le)~(x#)  ~A,/a2AE~1 and both mechanisms contribute compara-

~a(d). For the strongly forbidderM1 transition in the py,
electric field, dominant contribution to the angle of rotation "Near the strongly forbidden M1 transition
gives the Stark-induceB1 transition. Its amplitude can be H(Land! depom(Lapd ~ApAE/((d)E,)%>1 and the inter-

estimated agg||A||e)~(d)?E,/AE, whereAE is the typi-  ference ofP-, T-odd and Stark-induced transitions contrib-

cal difference between the opposite parity levels in the atomytes the most to the angle of polarization plane rotation.
For the transition 6,,—7S;,, in Cs and feasible electric

field E~10°—10* V/icm, the value of(d)E,/AE~10 3
—10“. HereE, is the electric-field strengttg is the elec-

tron chargea, is the Bohr radiusAE~TR is the typical  seyeral mechanisms can induce the violatiorPefand
difference between.the energy levels of the opposite parity_jnyariance in an atom. According to R¢L6] they are(1)
states,R=13.6 eV is the Rydberg energy constant, and p. T.odd weak interactions of electron and nucle¢®), in-
=1/137 is the fine-structure constant. _ teraction of the electric dipole moment of an electron with
The numerator of Eq(32) has the same order of magni- the electric field inside the ator3) interaction of electrons
tude for all kinds of transitions considered above:yith the electric dipole and magnetic quadrupole moments of
(glld”T|e) A'E~(d)*(H1)(d)E,/(AE)® Now we can esti- the nucleus, ané4) P-, T-odd electron-electron interaction.
mate the angle of polarization plane rotation per absorption \we consider effects that according to REE6] give the

VI. P- AND T-ODD INTERACTIONS IN ATOMS

length. dominant contribution in our caseP-, T-odd electron-
For allowedE1 transition nucleon interaction and the interaction of electron EDM with
the electric field inside the atom.
(H7) (d)E, According to Refs.[16,19,2Q the Hamiltonian of
$(Laps) ~ AE AE '’ (33 T-violating interaction between the electron and hadron has
the form

where(H+) is the typical value of the matrix element Bf,
T-odd Hamiltonian. G — — G — —

The angle of rotation per absorption length near allowed Hr1=Cs—=(eiyse)(nn)+C—=(eiyso,,e)(nc*"n),
M1 transition is larger than in the caselt, 37)

(Hy) (d)E, (34)  whereG=1.055<10"°m, ? is the Fermi constantn, is the

«?AE AE proton masse andn are the electron and hadron field opera-
tors respectivelyCs and C, are the dimensionless constants

The largest value of the angle of rotation per absorptiorcharacterizing the strength dfviolating interactions relative

length can be observed near strongly forbiddéf transi- to T-conserving weak interaction. The first term in E§7)

tion because the absorption of light is the lowest in this casejescribes the coupling of the scalar hadronic current with the

#(Laps)~
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pseudoscalar electronic current, and the second one describes

the coupling of the tensor hadronic current with the pseudot- I, 046
ensor electronic current. 78, 21765
The matrix element of th@-odd Hamiltonian according 18535

to Ref.[16] is equal to

(sdlrlip = SR R a8 o 1

S p = Y , 2]

1201 T Py 2\/577 \/?%3 s 11178

wherem, is the electron masgy; is the effective principal
guantum number of statg A is the atomic number;y 0 _6s1p
=\(j +1/2)>—Z%a72, j is the total angular moment of the . .
atom. The “relativistic enhancement factoR'is given by FIG. 2. Scheme of cesium energy levels. Energy of atomic

levels is given in cm?,
(agl2Zrg)% 27
:4F2(2—7+1)- 6s—np and B—n’'p are negligibly small whem>6 apd
n'>7 [16], we should take into account only an admixture
Herery,=A31.2x10 13 cm is the approximate nuclear ra- of 6p1, and 7, , states. Using E¢(14) and matrix element
dius. For cesiumR=2.8. We neglect the tensor part of the (38) one can represent the wave functions perturbedy

interaction for simplicity. and T-noninvariant electron-nucleon interaction as follows:
The Hamiltonian of interaction of the electron EDM and A
the electric field inside the atom that mix opposite parity 1651/, =651 + 1011(27NC5>(1-17|6F’1/2>
atomic states has the for6]
. +0.347p1s2),
Ho=2% (vor~ 13, (39
~ A
7S1/2)=|7s +1011(2 —c) 0.876
where | 75112)=7S110) YN Cs/( 16p1)
or O —1.337p1p), (42
2=~ YsY0%| (40) , _ _
Ok whereN is the number of neutrons in the atomic nucleus.

. . . oL Using Eq.(14) and val f radial int 46
o are the Pauli matrices, is the electric-field strength sing Eq.(14) and values of radial integral46}

acting upon electrork. If summation in Eq.(39) is per- 65:.6 = 5535 p(75.6 —5.45
formed over one valence electron and the electric-field P(65126p1,) 535, p(78126p112) =5.45,
strength near the nucleus approximately eqllfaﬁsZaF/r3, (7512 7Py = — 12.30
the matrix element of operatéty can be written as follows ' ’
[16]: we obtain the reduced matrix elementR®f T-odd E1 tran-
. . S sition
(I,I=]+U2[H4[lj,1"=]-1/2)
A(Za)? (6517 |dPT||751) =1.27x 10 Y e|ayCs. (43
Y(4y*=1)(vvy)¥%ad The matrix element of the Stark-induceds;6— 7Sy,

transition in cesium is usually written §21]
wherel andl’ are the orbital angular moments.
<651/21m’|di8t|751/21m>:a'Ei5mm’+iﬁeijkEj<m,|0'k|m>’
VII. ESTIMATES FOR THE 6 Sy,,—7Sy, TRANSITION

IN CESIUM wherem andm’ are the magnetic quantum numbers of the
ground and excited states of cesiul, is the electric-field
strength,a and B8 are the scalar and vector transition polar-
izabilities [see also Eq(25)]. The value ofA ! introduced in
%q. (28) can be expressed for cesium via the vector transition
polarizability as follows:A ;= —23BE. The value of8 is
well known from theoretical calculationg®22] as well as

A. Rotation of the polarization plane of light from experimen{23]. According to Ref[22] it is equal to
due to electron-nucleon interactions B=27 3. Therefore
- . 0 y

Let us estimate th®-, T-odd rotation of the polarization
plane for the highly forbidderM 1 transition &;,— 7Sy,
in cesium. The scheme of cesium energy levels is shown i
Fig. 2.

The P- andT-odd electron-nucleon interactions nsxand
p states of cesium. Since the amplitudes Edr transitions Al=—1.81x10 8 e|agE (Vicm). (44
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Suppose the temperatureTis= 750 K. Then the pressure Using Eq.(45) we can obtain the reduced matrix element of
of Cs vapor isp=10 kPa[24], the concentration of atoms is electric dipole transitions between the, and 75, states,
N=10618 cm 3, and the Doppler linewidth iSAp/wg
=10".

For transition between hyperfine levelg=4—F.=4 (6819|dPT|| 75110 = — 72d,, (46)
coefficientk? in formula (28) is maximal (K2=15/8).

Suppose detuningh~Ap, thenv=1/2A,=0.1 andf
~1, g~0.7. Absorption length in longitudinal electric field and the electric dipole moment of cesium in the ground state
E=10" V/icm is equal tol ,,s=7 m. ds,,, and excited statéys, ,

As a result the angle d?-, T-noninvariant rotation of the
polarization plane is
|| =1.0x 10" BCE. Joz,,~ 131de

The optimal signal to noise ratio is achieved wheén
=2L ,ps [15]. The best limit on the parameters of electron- dzs,,=400de, (47)
nucleon interactiorC¢<4x10 ' was set in Ref[5]. The

corresponding limit to the angle of rotation of the polariza-
tion plane is|¢|<0.5x 10 12 rad. whered, is the electron EDM.

As we mentioned before, two effects induce
T-noninvariant rotation of the polarization plane in the elec-
tric field. The first of them is the interference of tRe T-odd
) ] ) ) and Stark-induced transition amplitudes and the second is the
Using wave function$42) we can obtain the EDM in the jnteraction of the atomic EDM with the electric field. Sub-

B. Rotation of the polarization plane of light
due to cesium EDM

6s1/2 and 7%y, states of Cs, stituting Eq. (46) to Eq. (28) one can obtain the angle of
rotation arising from the interference of amplitudeg|
dgs,,= —1.35¢ 10" 10celay, <0.6x 10 *?in the same experimental conditions as before.

Rotation caused by the atomic EDM is a sum of two
contributions. Using the first term in Eq81) and(47) one
can obtain the angle of rotation induced by the splitting of
magnetic sublevels in the electric fie|gh,|<1.3x10 1%,
The mix of hyperfine componentsecond term in Eq31)]

dys,,,= —4.39x 107 '°Cleap.

As a result, expressiof81) yields the angle of polarization

plane rotation due to level splitting in the electric field, gives the contributiofig,|<2x 1075,
For estimates we use the experimental limit on electron
|1]=1.4<10"241CE7 (VIcm)<8x 10716 EDM from Ref.[5] |d|<4x 10 ?/le| cm. We should note

] ] o that estimates of the rotation angle for electron-nucleon
and the angle of rotation due to hyperfine levels mixing  T_noninvariant weak interactions and electron EDM give
close values.
|| =2.1X10"24C4ES (VIcm)<1.2x107 %5,

[We assume here that for detuning~Ap functions VIIl. CONCLUSION
g(u,v)=0.7, dg(u,v)/du=1.1.] These angles are three or- ]
ders of magnitude lower than the angle of polarization plane !N the present paper we have considered the phenomenon

rotation arising from the interference of Stark-induced andPf rotation of the polarization plane of light in gas placed in
P-, T-noninvariant transition amplitudes. an electric field. Calculations of the angle of polarization

plane rotation are performed forSg,— 7S, transition in
atomic cesium. Two mechanisms of the effect are consid-
ered. They are as follows.
(1) Light polarization plane rotation caused by the
If the P-, T-noninvariant interaction in the atom is induced pseudo-Zeeman splitting of atomic levels in atoms with non-
by the interaction of an electron EDM with the electric field zero EDM in an electric field12,13,14.

C. Rotation of the polarization plane of light
due to an electron EDM

of the nucleus, then using Eqd.4) and(41) one can repre- (2) Light polarization plane rotation due to the interfer-
sent the wave functions ofséand 7% states of cesium as ence ofP-, T-odd and Stark-induced transition amplitudes
follows: [8-10].
Both of them can be induced B3, T-noninvariant inter-
7 — _ action between electrons and the atomic nucleus and by the
1681/2) =1651/2) — (356p112) +10.97py)de/ (€80), interaction of the electron EDM with the electric field insi)c/ie
the atom.
|7512)=|751/2) + (27.16p1)2) — 36.27p1,2)de/(e20). For the highly forbiddenM1 transition &,,,— 7S, in

(45  cesium we can expect the angle of polarization plane rotation
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per absorption length due -, T-odd atomic polarizability —scheme, sensitivity of this kind of experiment can be very
PT. about |¢|<10 *2 The rotation induced by atomic high. The authors of Ref13] expect to achieve the sensitiv-
EDM for this transition is three orders of magnitude smaller.ity for the cesium EDM|dcd <10 2%e| cm. The corre-

The angle of polarization plane rotation can be signifi-sponding limit for the electron EDM il |<10"28¢| cm.
cantly greater for other atoms, for example, rare-earth ele- The method of measurement of polarization plane rotation
ments, where additional amplification arises from close levproposed in Refd.8—10 can probably provide even higher
els of opposite parity. sensitivity. This method is based on the observation of the

The simplest experimental scheme to observe the pseudevolution of the polarization of light in a cell with atomic
Faraday rotation of the polarization plane of light in the elec-vapor and amplifying media placed in a resonator. According
tric field includes a cell with atomic gas placed in the electricto Refs.[8—10] the compensation for the absorption of light
field and a sensitive polarimeter. In the case of large absorpn a cell allows one to increase the observed angle of polar-
tion length one can place this cell in a resonator or delay lingézation plane rotation and, according to estimd@&s allows
optical cavity to reduce the size of the experimental setumne to increase the sensitivity for the electron EDM up to
(see Ref[25]). |de| <107 Y| cm.

Several schemes are proposed to increase the sensitivity Therefore, we can hope that the experimental measure-
of measurements. One of them is based on the nonlineament of the described phenomenon can provide sensitivity
magneto-optic effecf13,14]. Since the change of the rota- for parameters oP-, T-noninvariant interactions between the
tion angle with the change of the applied field in this case islectron and nucleus and the electron EDM, comparable to
several orders of magnitude larger than in the traditionabr even higher than current atomic EDM experiments.
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