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λ/4

Kastler (1970)
Poirson et. al. (1998)
Muller et. al. (2002)

How to enhance circular birefringence?
   PNC optical rotation & natural optical activity

10-9-10-5 rad/pass                                    φ≣(specific rotation) × ρ × l



Lykourgos Bougas Ohio 2013

Introduction

Optical Cavities

Enhancement factor ∝ N≃2F/π 
(R=99.99% →N~104)

P odd & T even

How to enhance circular birefringence?
   PNC optical rotation & natural optical activity

10-9-10-5 rad/pass                                    φ≣(specific rotation) × ρ × l



Lykourgos Bougas Ohio 2013

Introduction

Optical Cavities

Enhancement factor ∝ N≃2F/π 
(R=99.99% →N~104)

P odd & T even

Disadvantages:
• mechanical adjustments
• measurements of  CB only
• large linear birefringence
• intracavity optics
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4-mirror bowtie cavity
supports counter-propagating beams
simultaneous measure effects of  
different symmetry under P & T
δ/reflection <1mrad
signal reversals
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Present Status:
• pulsed laser source
• long acquisition times / slow reversals
• sensitivity ~ 1μrad 

Future goal:
• cw laser source / locked cavity
• fast reversals (100-1kHz)
• sensitivity ~ shot noise (<1 nrad)

Chiral Cavity Ring Down
measurements of  chirality in gases and liquids
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This anisotropy has indeed been predicted in the 1970s !Ref.
24" and has only been detected recently on light absorption
by a crystal.25

II. OPTICAL SETUP

The light source is a commercial NPRO !non planar ring
oscillator" Nd:YAG !yttrium aluminum garnet" laser !Light-
wave Electronics, now JDS Uniphase, NPRO-126" emitting
130 mW of cw light at !=1064 nm. It is tunable thanks to a
Peltier cell controlling the crystal temperature and to a piezo-
electric actuator that constrains the crystal.

The core of the experimental setup consists of a plane
square optical cavity !see Fig. 1" made with four identical
commercial mirrors from Layertec GmbH. These spherical
mirrors with a 500 mm radius of curvature are arranged on a
square with an arm length L0=400 mm so that the beam
waist on the mirrors is w=0.7 mm. Due to non-normal inci-
dence on the mirrors, a square cavity is strongly birefringent
so that in our case, the resonance frequencies of the two
polarization eigenmodes are well separated. We can thus ad-
just the incident polarization to be orthogonal to the cavity
plane !s-polarization" so that only the high finesse mode is
fed. The value of this finesse is F="#FSR /"#c#50 000, cor-
responding to a photon lifetime in the cavity $=42 %s !see
Fig. 2". Here "#FSR=188 MHz is the free spectral range,
and "#c is the cavity linewidth.

The laser beam is matched to the cavity transverse mode
TEM 00 by two pairs of cylindrical lenses in order to take
into account the astigmatism of the laser and that of the
cavity. The position of the four lenses is adjusted by sweep-
ing the laser frequency and minimizing the amplitude of
higher order transverse modes. About 99% of the intracavity
power resonates in the TEM 00 mode. Light is injected into
the cavity both cw and ccw, and four large area homemade
photodetectors monitor the light transmitted and reflected by
the cavity in each direction.

At this stage of the development, the cavity is not yet in
a vacuum chamber but in an air-tight Plexiglas box. A second
wooden box backed with an acoustic isolating foam sur-

TABLE I. Review of recent experimental results concerning small birefringence measurements in gases. The
reported &n is the noise equivalent birefringence at the detection frequency, while 'n corresponds to the smallest
measured birefringence value inferred from the published data.

Year Group Effect Technique
&n

!1 /$Hz" 'n

2000 Tel-Aviva Kerr Resonant cavity ellipsometer 3(10−15 1(10−13

2005 BMVb Kerr Resonant cavity ellipsometer 2(10−15 1(10−15

2009 PVLASc Cotton–Mouton Resonant cavity ellipsometer 5(10−17 1(10−17

2009 Q & Ad Cotton–Mouton Resonant cavity ellipsometer 1(10−15 1(10−15

2009 BMVe Cotton–Mouton Resonant cavity ellipsometer 2(10−18 2(10−15

2009 LASIM/LSPf Kerr Resonant cavity ellipsometer 8(10−19 4(10−19

2003 Tokyog Cotton–Mouton Single pass ellipsometer 3(10−13 2(10−15

2000 JILAh Sensitivity test Frequency measurement 2(10−15 1(10−17

2009 This work Sensitivity test Frequency measurement 1(10−16 2(10−18

aReference 10.
bReference 11.
cReferences 15 and 19
dReference 16.
eReferences 17 and 18.
fReference 12.
gReference 20.
hReference 21.
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Ω

FIG. 1. !Color online" Experimental setup. The beampath is represented as
lines with arrows, the frequency stabilization system lies in the upper right
corner of the figure, and the measurement signal generation in the lower left
corner. The blocks on each cavity arm represent magnetic and/or electric
fields zones that can be inserted in order to measure magnetoelectro-optic
effects in gases. An optical isolator prevents feedback noise; the laser beam
frequency is then frequency-shifted with an AOM in a cat’s eye retroreflec-
tor. A rEOM provides the phase modulation at frequency ) for the Pound–
Drever–Hall frequency stabilization. The servo actuators are the laser TEC,
the laser piezoelectric transducer !PZT", and the AOM. The light polariza-
tion is controlled all along the beampath by halfwave !! /2" and quarterwave
!! /4" retardation plates and by polarizers !P". Light is injected into the
cavity both in the cw and ccw directions; the PRcw and PRccw !respectively,
PTcw and PTccw" photodiodes monitor the reflected !respectively, transmit-
ted" power in both directions.

033105-2 Bailly, Thon, and Robilliard Rev. Sci. Instrum. 81, 033105 !2010"

Downloaded 29 Jun 2011 to 139.91.197.160. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

Bailly et. al. RevSciInstrum 81, 033105 (2010)

state-of-art 3×10-13 rad 
(QED vacuum birefringence)

Durand et. al. PRA 82 (2010)

4 mirror ring cavity with counter-propagating beams



Metastable densities ~1012 cm-3 
(for discharge lamp pathlengths of 100cm 

column densities of ~1014 cm-2)

Steady state densities ~1015-1016 cm-3 
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TABLE I: Reduced matrix elements for the M1 and EPNC

1 , and R ⌘ Im(EPNC

1 )/M1 for the proposed atomic transitions. Note
that for one absorption length '

PNC

⇠ R/2.

Z �E Transition � M1 Isotopes Im(EPNC

1 ) R
(cm�1) (nm) (µB) with I 6= 0 ⇥10�10 e↵B ⇥10�8

I 53 53293.3 2P3/2 !2P1/2 1315 1.15 127I 0.335(67) 0.80(16)

3P�
0 !1P�

1 609 0.229 3.4(2), 3.5(2) 41(2), 42(2)

Hg 80 8281.64 3P�
1 !1P�

1 682 0.199 {199Hg, 201Hg} 5.3(3), 5.4(3) 73(4), 74(4)
3P�

2 !1P�
1 997 0.272 3.7(2), 3.8(2) 37(2), 38(2)

Xe 54 84.1 6s2[3/2]
o

2 ! 6s02[1/2]
o

1 988 1.22 {129Xe, 131Xe} 3.16, 3.25 7.1(7), 7.3(7)

represents the linear birefringence obtained upon reflec-
tion. For non-normal incidence, the level of birefringence
can be of the order of 10�3 rad/bounce, while for normal
incidence of the order of 10�5 to 10�6 rad/bounce (for
gyroquality supermirrors, linear birefringences, in normal
incidence, �⇠0.1µrad/bounce) [13].

In the presence of a magnetic field a medium becomes
circular birefringent, an e↵ect otherwise know as Fara-
day e↵ect. The Faraday optical rotation is given by
✓
F

= V Bl, where B is the magnetic field strength along
the direction of light propagation, l is the pathlength of
interaction, and V is the Verdet constant of the medium.
For example, in dense flint glasses, typical values are
V ⇠ 40µradG�1 cm�1 at 1064 nm. The Jones matrix
for the Faraday rotation will be that of an SU(2) rota-
tion matrix with argument ✓

F

:

J
F

(✓
F

) =

 
cos ✓

F

� sin ✓
F

sin ✓
F

cos ✓
F

!
. (3)

Note that the physical direction of the polarization rota-
tion is defined by the magnetic field orientation. In the
light-frame coordinate system convention (Fig. [xx]), and
for +~B, the sign of the Faraday rotation for the CW prop-
agation is positive. Due to the non-reciprocal nature of
the Faraday e↵ect, when either the magnetic field or the
direction of propagation of the light reverses, the sign of
rotation reverses. Thus, for the CCW propagation, the
Faraday rotation will be ✓ccw

F

! �✓
F

. This directional-
ity symmetry breaking, induced by the Faraday e↵ect,
is essential to our proposed experimental scheme for the
measurement of PNC optical rotation.

The Jones matrix representing the PNC optical rota-
tion, will also be that of an SU(2) rotation matrix with
argument '

PNC

:

J
PNC

('
PNC

) =

 
cos'

PNC

� sin'
PNC

sin'
PNC

cos'
PNC

!
(4)

where '
PNC

is given by equation 1. The PNC optical ro-
tation, being a pseudoscalar quantity, is odd under par-
ity transformations and even under time-reversal trans-
formations. Therefore the Jones matrix describing PNC

optical rotation will be the same for both CW and CCW
propagation directions.
Finally, any anisotropies (imperfections of transmis-

sion optics, thermal or stress induced birefringences, and
stray magnetic fields) can be described as linear birefrin-
gent optical elements. The Jones matrix for a general lin-
ear wave-retarder, which introduces a di↵erential phase
shift �, and whose “fast axis” is oriented at an angle ✓
with respect to the x-axis, is given by:

J(✓, �) = S(✓)⇥
 

ei�/2 0

0 e�i�/2

!
⇥ S(�✓), (5)

where S(✓) describes a general SU(2) rotation matrix.
Reversing the direction propagation, in the light frame,
reverses the sign of the angle ✓ which specifies orientation
of the retardation axes. For the mirror-reflection linear
birefringence, we used J(✓, �) for ✓ = 0.

B. CW and CCW round trip matrices

The round-trip Jones matrices for the CW (CCW)
propagation are obtained by the ordered multiplication
of Jones matrices representing the CW (CCW) propaga-
tion of light through the elements. A convenient starting
point for the analysis is the point labeled S in Fig. 1,
from which the di↵erent propagation directions are de-
fined. The round trip Jones matrices are given by:

JCW =JM
2

(�/4)·JM
3

(�/4)·J('
PNC

)·J(✓F)·JM
4

(�/4)·JM
1

(�/4)
(6)

for the CW propagation path, and

JCCW =JM
2

(�/4)·JM
3

(�/4)·J(�✓
F

)·J('
PNC

)·JM
4

(�/4)·JM
1

(�/4)
(7)

for the CCW propagation path. We define � as the total
single-pass linear birefringence; per reflection the phase
shift is �/4. Note that by reversing the order of the indi-
vidual operators and changing the sign of each Faraday
rotation angle for the CW (CCW) path produces the
CCW (CW) path (in the presence of an additional linear
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the eigensystem is given by:

�± = cos ↵ cos
�

2
±

r
cos2 ↵ cos2

�

2
� 1 (4)

and

⌫±=

0

BB@

1

⌥i csc ↵

✓
cos ↵ sin �

2

+
q

cos2 ↵ cos2 �
2

�1
◆

1

CCA. (5)

Here, for simplicity, we set the reflectivities for the s and
p polarizations to be equal, which is a good approxima-
tion for near-normal angle-of-incidence bow-tie cavities.

In the ideal case, where � = 0, the eigenvalues
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FIG. 4: Non-resonant Faraday e↵ect of an intracavity SiO2

window at 800 nm. The cavity ring-down polarization beating
frequencies for counterpropagating beams are visibly di↵erent
(magnetic field of 1000G). The inset shows the linear and
antisymmetric magnetic-field dependence of !

CW

� !
CCW

.

are equal to �± = e±i↵ (with ↵
CW

= ✓
F

+ '
PNC

and
↵

CCW

= �✓
F

+ '
PNC

), which results in the four-mode
spectrum described above and in Fig. 2 b.

For � 6= 0, the cavity eigenmodes are elliptical polar-
ization states whose splitting is �=cos�1[cos ↵ cos(�/2)].
The non-commutative nature of linear and circular bire-
fringence results in a reduction of the e↵ective amplifi-
cation of circular birefringence (Faraday and PNC rota-
tion). We express the reduction e↵ect as !0

PNC

= q!
PNC

,
where q = ↵/� ranging from 1 to 0 (Fig. 3). Further-
more, with increasing � the frequency-splitting of the po-
larization eigenmodes increases as !0

F

= (1/q)!
F

. Thus,
� reduces the observed ratio !0

PNC

/!0
F

by q2:

!0
PNC

!0
F

= pq2

!
PNC

!
F

, (6)

where p is the degree of linear polarization of the output
light which is reduced from 1 for unequal intensities or
imperfect overlap of the recombining beams. We plot the
correction factors q and q2 in Fig. 3. Note that for � � ↵
the circular birefringence (including PNC optical rota-
tion) vanishes, a direct consequence of the transformation

of the eigenpolarization modes into two linear polariza-
tion vectors. To ensure q2 ' 1 we require � ⌧ ↵. For
example, for q2 ' 0.99, � = 0.2↵, and for q2 ' 0.9999,
� = 0.02↵ (inset Fig. 3). For the M1 transitions and pro-
posed conditions, the Faraday e↵ect yields ↵ ' 10�3 rad
for a 200 G magnetic field [39], while mirror birefringence
� <⇠ 10�5 rad is achievable. Alternatively, anti-reflection
(AR) coated windows with losses of <⇠ 10�4 can be used
to produce ↵ ' 10�2 rad for a 1 T magnetic field and
window birefringence � <⇠ 10�4 rad.

To support the proposed experimental setup we
demonstrate the mode structure of a bow-tie cavity us-
ing polarization-dependent cavity ring-down measure-
ments [31] of the non-resonant Faraday e↵ect of an in-
tracavity AR-coated SiO

2

window of 3 mm thickness.
Two linearly-polarized pulsed beams (⌧

pulse

' 35 fs,
� = 800 nm, coherent bandwidth ⇠ 40 nm) are injected
into counter-propagating modes of a four-mirror bow-tie
cavity (L = 3.7 m). After exiting the cavity, the two
beams enter separate balanced polarimeters (in contrast
to Fig. 2 a). By making the cavity non-planar, we in-
troduce a purely geometric chiral rotation (of the same
symmetry as PNC rotation) [40]. We adjust the rota-
tion angle to be ↵

C

= 2.9o per round trip, resulting in
a large mode splitting of !

C

= ↵
C

(c/L) = 4.15 MHz (for
the proposed PNC experiment !

C

must be minimized to
be less than a cavity linewidth). The rotation of the po-
larization appears as a beating in the balanced polarime-
ters with frequency !

C

[31]. In the presense of Fara-
day rotation, the polarization beating of the two coun-
terpropagating beams are di↵erent, !

CW

= !
F

+ !
C

and
!

CCW

= �!
F

+ !
C

, as shown in Fig. 4. We measure !
CW

and !
CCW

as a function of the magnetic field and show
that their di↵erence, !

CW

� !
CCW

= 2!
F

, is linear with
the magnetic field and changes sign upon magnetic field
reversal. The measured Verdet constant of SiO

2

at 800
nm is (2.41±0.05)µrad G�1cm�1, in agreement with [41].

Our cavity proposal can also be used for PNC optical
rotation in other atoms [4–6, 33, 42], searches for per-
manent electric dipole moments (EDM) [43], and optical
rotation or circular dichroism from chiral molecules [31].
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A new technique

Linear birefringence δ:
linear birefringence presents an adversity to 
high precision optical rotation measurements 
using high-finesse cavities

δ=π/(2Ν) ➭ after N passes 
light becomes circular

How? inducing a larger circular birefringence α≫δ
keeps intracavity light linearly polarized
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