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Abstract. While all Atomic Parity Violation experiments on highly forbidden transitions in a Stark field
have used the detection of fluorescence signals, our group is engaged in an experiment on the 6S — 7S
cesium transition that uses a pump-probe scheme. The role of the probe beam is to detect the 7S state
by stimulated emission. The detected Left-Right asymmetry (ArLr) appears directly on the transmitted
probe beam and the technique relies on differential-mode atomic polarimetry. We present here experimental
results which illustrate two essential features of this approach. First, Arr is amplified when the optical
thickness for the probe beam is increased, hence it is an increasing function of the Stark field. Secondly,
the experimental sensitivity to Apr is simultaneously increased, as demonstrated by our measurements of
the signal-to-noise ratio. We emphasize also the advantage of choosing a probe transition that involves a
“dark” state: the Arr amplification is preserved at high levels of the probe intensity because saturation
effects are greatly reduced.

PACS. 32.80.+a Other topics in atomic properties and interactions of atoms and ions with photons —

07.60.Fs Polarimeters and ellipsometers — 12.20.Fv Experimental tests

1 Introduction

For more than twenty years a continuous interest has been
devoted to the study of Left-Right (L-R) asymmetries re-
vealing the breaking of inversion symmetry in forbidden
atomic transitions. Since the early seventies it has been
recognized that their measurement in heavy atoms can
provide an important test of the Standard Model [1]. From
their very beginning [2,3] measurements of L-R asym-
metries in cesium have reached an overall precision suf-
ficient to provide quantitatively significant evidence of an
electron-nucleon Z° exchange in a stable atom, at the level
predicted by the Standard Model [4]. Today the remark-
able precision of the measurements performed in cesium
by the Boulder group [5] gives access to New Physics. This
experimental activity has stimulated precise atomic theory
calculations [6-8] and further progress in the calculations
is expected. Today Atomic Parity Violation (APV) exper-
iments remain pertinent to Particle Physics. For instance
the unexpected events recently observed at the HERA
collider [9] could be caused by new heavy (200 GeV/c?)
particles, called leptoquarks. These also contribute to the
weak charge of the nucleus and it has been shown (see for
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instance [10]) that APV experiments provide significant
constraints on such an interpretation. New APV mea-
surements underway using a very different experimental
approach, as described in the present article, are likely to
reinforce the importance of such conclusions.

Considerable experimental efforts have been devoted
to sensitivity enhancement in cesium and in other heavy
elements at a number of laboratories. Up to now very dif-
ferent techniques have been employed. In experiments on
highly forbidden transitions, like the 6S; /o — 7S; /o tran-
sition in cesium [2,11] or the 6Py /5 — 7Py, transition in
thallium [12] the fluorescence light was detected, while in
experiments involving allowed M; transitions in bismuth
[13,14], lead [15] and thallium [16,17], the transmitted ex-
citation beam is monitored. At present the thrust of exper-
iments in highly forbidden transitions is towards develop-
ing more efficient means of detection. The recent Boulder
experiment has succeeded in achieving an excellent signal-
to-noise ratio. An optically pumped atomic beam is used
and the 6S; /5 —7S; /5 transition rate is detected with high
efficiency via the modification induced in the final state
of the 6S ground state population, but at the price of a
certain loss in selectivity. A dilution of the asymmetry by
a background on the transition rate and the overlap be-
tween adjacent Zeeman transitions require delicate (line
shape dependent) corrections. Moreover in the control of
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the systematic effects there are difficulties arising from the
distortion of the line shape, which is modulated with the
parameter reversals. As in all preceding experiments in
highly forbidden transitions, the L-R asymmetry remains,
within a factor close to unity, the ratio Im EYY/GE where
EYY denotes the parity violating dipole amplitude of the
6S1/2 — 7Sy transition and 3 the vector transition po-
larizability [1,18].

In the new approach followed at ENS, the L-R asym-
metry is detected on a transmitted probe beam tuned
to the allowed 7S/, — 6P3/y transition. This beam is
amplified by stimulated emission, after excitation of the
highly forbidden 6S; /5 — 7S; /5 transition with an intense
pulsed pump beam. The excited medium behaves like an
anisotropic amplifier. Because of parity violation affecting
the excitation process, the axes of anisotropy are not con-
tained in the planes of symmetry of the experiment but
are slightly tilted out of those planes [19,20]. The tilt angle
6P is equal to —Im E}V/BE, the electroweak parameter
to be measured. In this situation, detection by stimulated
emission provides a large potential benefit, first, because
of direct measurement of the electroweak L-R asymme-
try without dilution and, second, thanks to the amplifi-
cation of this asymmetry. In particular, as we show here,
in contrast with all preceding experiments the measured
asymmetry is an increasing function of the applied electric
field.

A previous article [21] described theoretically in great
detail the asymmetry amplification in the real conditions
of our PV experiment. It was expected that such an ef-
fect could provide a real increase of the signal-to-noise
ratio. However, one may have worried that light ampli-
fication generates noise, since the quantum state of the
probe field is modified in the amplification process. In the
actual experiment, there are also other sources of noise
than quantum noise. Therefore, it was very important to
verify experimentally the existence of the expected ampli-
fication of the asymmetry and to investigate simultane-
ously the behaviour of the Signal-to-Noise Ratio (SNR).
Here we demonstrate experimentally the expected ampli-
fication, in quantitative agreement with the theory. In ad-
dition, we show that this amplification effectively results
in an improvement of the SNR. This non-trivial result is
of primary importance since it results in a net gain in
sensitivity for precise PV measurements.

In Section 2 we shall rapidly outline the principle of
our PV experiment, a pulsed pump-probe experiment us-
ing balanced mode polarimetry, and we summarize the
main conclusions of the previous theoretical paper [21]
which is used as a guide for our experimental investiga-
tions. Section 3 contains the experimental verification of
the L-R asymmetry amplification. Since the PV asymme-
try is very small (#PV ~ 10~ rad), we have performed the
measurements by using the L-R asymmetry induced by
a Faraday rotator serving as a calibration device for the
PV experiment. This much larger parity conserving signal
has optical properties exactly similar to the PV effect. In
Section 4, we discuss the effective SNR, improvement as-
sociated with the asymmetry amplification. The key point
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here lies in the experimental procedure retained to mea-
sure the asymmetry: in balanced mode operation the vari-
ance of the asymmetry is always 1/N where N is the av-
erage number of detected photons, whatever the quantum
state of the amplified light field. Our results demonstrate
unambiguously the increase of the SNR with light ampli-
fication. This improvement of the SNR is characterized by
the decrease of the “noise equivalent angle” or NEA, de-
fined as the angle equal to the noise. In conclusion (Sect. 5)
we summarize various ways of improving the sensitivity
to the electroweak L-R asymmetry in our PV experiment
made possible by a better understanding of its particular
features.

2 Principle of A g amplification. Summary of
the theoretical analysis

Our experiment follows a pump-probe scheme using two
pulsed linearly polarized laser beams resonant with the
hyperfine components of the highly forbidden 6S; /5, F1 —
7S1/2,F2 (pump) and allowed 7Sy/5,Fo — 6P3/5,F3
(probe) transitions of the cesium atom. It is during the
pulsed excitation of the highly forbidden transition that
a manifestation of PV occurs. An electric field E is ap-
plied parallel to the excitation beam wavevector which al-
lows one to perform an optimization of the transition rate
in order to obtain the best sensitivity to the PV effect.
The large population of 7S;/3,Fy atoms thus produced
is detected through the subsequent transient gain which
appears at the 7S; /5, F2 — 6P3/5, F3 frequency, by stimu-
lated emission of the collinear probe laser beam. The ex-
citation by the linearly polarized pump beam endows the
vapour with a parity conserving linear dichroism whose
optical axes are parallel and perpendicular to the polar-
ization €y of the beam. PV manifests itself as a modifica-
tion of those optical axes which deviate from the previous
ones by a tiny angle (~ 1076 rad) whose sign reverses
with the direction of E . This effect can be described as
a small, E-odd, linear dichroism for the probe with axes
at 45° to €¢x in addition to the main, parity conserving,
linear dichroism. The incoming probe polarization &, is
set either parallel or orthogonal to €.« and the outgoing
polarization is analyzed using a balanced polarimeter [22—
24].

2.1 Simple presentation, using two refractive indices

For times short compared to the 7S,/ lifetime the vapor
behaves as an anisotropic amplifier characterized by two
principal axes with respective amplification coefficients of
the field per unit length, a; and o, identified with the
imaginary parts of the refractive indices n and n). If we
define

«wo

|d(7S1 /2,7, 6P3/2,F3)|2 Nrzs.r, ¢(F1,F2,F3)
(1)

“= 2egcyh
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Fig. 1. Main axes of the experimental configuration: €cx: exci-
tation polarization; €, €, : optical axes without PV effect; éﬂ’v,
€V optical axes with PV effect. For calibration 6PV is replaced
by 6PV £ g°al,

then, oy and o differ by the c¢(Fi,F2,F3) coefficient
involving Clebsch-Gordan coefficients and the magnetic
quantum number probability distribution of the excited
7S,Fo state prepared with €., set either parallel or or-
thogonal to €, [21]. The other parameters involved are the
square of the dipole matrix element of the probe transi-
tion [d(7S1/2,r,; 6P3/27F3)|2, the number density of atoms
excited by the pump beam N7sp,, proportional to E?,
and the damping rate v = T, L of the optical dipole at
the probe frequency wg/2.

For symmetry reasons, without parity violation the
eigendirections for the probe polarization € ”pnr would be:
e” = % X €ox and €| = % X GH' Due to parity violation,
the eigendirections are tilted (see Fig. 1) by a small angle:

0" = —Im EY /BE .

The eigen axes of the amplifying medium are therefore:
éﬂ)v = OAEH + 6PVe | and éiv =€, — Gpvéu.

If the probe beam enters the amplifying medium with its
polarization along €|, at the output it acquires a polariza-
tion component along €., namely Eou;=En[€) exp(a) L)
+6P € (exp(a) L) — exp(ar L))] where L is the length
of the amplifying column. Egy,; is analyzed with a two-
channel balanced polarimeter whose fixed principal axes
X and Y are oriented at +45° to ég‘ Both signals Sx
and Sy associated with either one of the two channels X
and Y are measured at each laser shot, thus providing a
determination of the L-R asymmetry:

SY — SX o — Oé”
=2 "2 — oY — 1)) -1
Sy + 5x ? <exp <A| ( 2 )> )

(2)

Ay = In(I32* /1) is the optical density for the probe field
when it is polarized along €|, with Igj and Ig;‘t denoting
the ingoing and outgoing intensities of the probe beam.
A crucial parameter appearing in equation (2) is the opti-
cal anisotropy of the excited medium n = (a1 — a)) /2¢
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which depends only on the hyperfine quantum numbers
(F1,F2,F3) of the atomic states The choice (3,4,4), with
the largest anisotropy n = 12, leads to the most favorable
situation. Note that to derive equation (2) we made use
of the relation A = 2« L, characteristic of “linear am-
plification”, but its validity does not extend beyond the
present complex index model.

It may be useful here to underline that the parity-
conserving transition dipole for the excitation transition in
a longitudinal electric field, is directed along % X €qx, hence
perpendicular to €cx. Therefore, one should bear in mind
that the configuration with the pump and probe dipoles
quasi parallel (optical thickness denoted Aj) corresponds
to incident pump and probe polarizations perpendicular.

2.2 Realistic situation with a low probe intensity

The description of the amplification process in terms of
complex indices is only valid in well defined conditions not
actually satisfied by the experiment. The detailed analysis
performed in reference [21] uses a semiclassical method.
The problem has been solved for an anisotropic medium
in full generality, i.e. with no restriction concerning the
duration of the probe pulse ¢, compared to 75 and to the
751/ state lifetime T7s = 48 ns. It is found that as long
as A < 1 the dependence of Apr versus A corresponding
to equation (2) is practically unmodified. By contrast, the
variation of A versus aL is only approximately linear and
its slope has to be renormalized by a factor 0.6, for the
ratio t, /T, = 1.43, corresponding to our experiment. The
results of the complex index model are recovered in the
limit Tp < ¢, < Tvs.

From explicit computations [21] and for the realistic
values T5 = 14 ns and ¢, = 20 ns, the calculated values of
Apgr over the intervals of A covered experimentally turn
out to be well fitted by the following expressions:

o (252)

ém = GH A

with C) = 2.0 (3)
f-:ip“r =€ Ai‘R B en [1 — exp (.AL <a| _ aL))}
with C'| = 2.26 (4)

where it must be remembered that the relation between
A and « is no longer straightforward.

Both equations predict an increase in the magnitude of
Arr versus A. The attractive feature of this amplification
mechanism lies in the fact that it occurs simultaneously
with an amplification of the signal intensity. Such a char-
acteristic is unusual, since, in all PV Stark experiments
based on detection of spontaneous emission, AR is, up to
a numerical factor close to 1, equal to §*¥ = —Im E}V /BE,
so that a reduction of E which increases the asymmetry
leads to an unavoidable loss of the fluorescence signal pro-
portional to B2E?. Here by contrast it is advantageous to
increase E for it increases both the signal IS and the

asymmetry Apr. Since ) and o are proportional to E?
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we see that Apg first grows linearly with E whatever the
relative orientation of €, and €. , and then much faster,
as (exp (K EQ) — 1) /E, in the most favorable configura-
tion, éipnr L €cx. Such a result is of considerable value in
the optimization process of the signal-to-noise ratio.

2.3 Influence of the probe saturation

At low probe intensities, increasing the intensity seems a
priori advantageous since it reduces the statistical photon
noise on the asymmetry. Only saturation effects may in
principle limit the value of I,; not to be exceeded. The
problem of saturation has not been treated in full gener-
ality, though in reference [21] it is solved in cases of special
interest, i.e. those of the 6S1/5 p+1 — 7S1/20Fp — 6P3/2

transitions, with €. | €., which are characterized by the
largest anisotropy and hence the largest L-R asymmetry
amplification. Let us choose the quantization axis along
the eigen axis of the vapor éﬂ’v. The probe field can be de-

composed into a large component parallel to this axis and
a very small one, along the perpendicular direction. The
large component perturbs the population difference be-
tween upper and lower substates having equal magnetic
quantum numbers. Its treatment involves the resolution
of an integro-differential equation which has been per-
formed analytically. The small component (proportional
to OPY) is sufficiently weak not to affect the upper state
density matrix. Therefore the propagation of the small
component can be treated in the low intensity limit us-
ing the time-dependent population differences imposed by
the large component. The remarkable feature of the sit-
uation we have retained is that the |7S;/5,Fa,mp = 0)
substate, which is the most populated by the pump, is
not coupled to the large component of the probe radia-
tion field (“dark state”). It is quite understandable that,
in such conditions, saturation by the probe beam is con-
siderably slowed down. At the same time asymmetry am-
plification still takes place at large saturation of the field
amplification, since the small component is coupled to all
the states and particularly strongly to the most populated
one. This mechanism is illustrated in a particularly simple
and clear situation corresponding to a pump-probe transi-
tion 681/2,F =0— 781/2,F =1— 6P3/2,F = 1, (Wthh
is actually relevant to a few Cs radioactive isotopes of nu-
clear spin 1/2), as shown in Figure 2a. With our choice of
quantization axis the pump beam excites Amp = 0 tran-
sitions only: therefore there is a single populated substate,
|7S1/2,F = 1,mp = 0). The probe field is decomposed as
just indicated: the large component parallel to the quan-
tization axis, which can only connect states with identical
value of mg cannot interact with the dark state mg = 0,
since the AF = 0,0 — 0 transition is forbidden. By con-
trast the small component, proportional to the tilt angle,
interacts with the atoms in the mg = 0 substate and is
therefore amplified. In this extreme situation the probe
intensity is not amplified while the asymmetry is. This
example sheds light on a paradoxical feature of the mech-
anism of Apg amplification: the configuration with the
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Fig. 2. (a) Asymmetry amplification for a 6S,/3,F = 0 —
7S1/2,F = 1 — 6P3/5,F = 1 pump-probe transition, when
€ | €. With the quantization axis chosen along éﬂ’v, the
single state populated by the pump is |[F = 1,mr = 0).
Without parity violation, the probe can only induce Amr =0
transitions, whose probability cancels for the mg = 0 substate.
However, because of the PV tilt of the eigenaxes, the probe
field has also a small component able to induce Amp = +1
transitions starting from the singly populated substate, so that
the L-R asymmetry is amplified. (b) Asymmetry amplification
for the same transition in the case é;r; 1 é€ex. The quantization
axis being now chosen along €"", the upper state is prepared
with equal populations in both |mr| = 1 states. Asymmetry
amplification can still take place (see Sect. 2.3).

smallest probe amplification provides the largest asym-
metry amplification. Even in the case where all atoms are
concentrated in a dark state and the amplification of the
probe intensity vanishes, an amplification of the asymme-
try remains.

Explicit calculations for natural Cs (I = 7/2) predict
that saturation of the probe transition by the optical field
should provide manifestation of the asymmetry amplifi-
cation at lower optical densities and, notwithstanding, at
larger fluxes of transmitted photons (see Fig. 5 in [21]).

One may also wonder what happens concerning satu-
ration in the other polarization configuration, & || &,
Asymmetry amplification for the simple 6S;/5,F = 0 —
7S1/2,F = 1 — 6P3/,F = 1 transition, when the exci-
tation and probe dipoles are nearly perpendicular, is il-
lustrated in Figure 2b. The quantization axis being now
chosen along €', the upper state is prepared with equal
populations in both |mp| = 1 states. A saturating probe
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beam equalizes the populations between the initial and fi-
nal |mp| = 1 states. Nevertheless, a certain gain remains
for the small component of the probe which induces the
Amgp = %1 transitions, so that the L-R asymmetry still
increases with A. We may note, however, that in this case
a rapid redistribution among the 6P3/5, mp populations
due to 6S-6P exchange collisions can reduce the magni-
tude of the effect.

3 Experimental demonstration of A g
amplification at increasing optical densities

3.1 Electroweak and calibration asymmetries

The picture of the PV effect as a tiny rotation of the op-
tical axes of the vapour dichroism suggests a straightfor-
ward way to calibrate PV. With a Faraday rotator placed
in the excitation beam path we purposely rotate the exci-
tation polarization €.x by an angle 8°* known to at least
one per cent accuracy, while &) remains unaltered [20,24].
Consequently the L-R asymmetry (Sy — Sx)/(Sy + Sx)
acquires a parity conserving contribution. The angle §°
being of the order of 1072 rad, a lowest-order treatment
is valid and equation (2) becomes:

Arg (0, E) = — (6 + 6PY) C [exp (Ayn) — 1] . (5)

The reversal of 8° allows extraction of the calibration
signal since:

cal
AfR

L) n( )
= —GcaIC’” [exp (Ayn) —1] . (7)

This signal is very well defined for short integration times
and bears the same amplification as the PV effect (Egs.
(3) and (4)). Experimentally, we observe an excellent pro-
portionality of Ai‘ﬁ to 6° in the explored range (1074 to
1072 rad).
One way to reconstruct the PV signal consists in re-
versing alternatively 8! and the electric field:
AlR =

(8)
9)

The PV angle is then deduced by a simple proportionality
relation:

1
5 [ALR (ecal7 —|—E) _ ALR (ecal7 _E)}
=07 Cy [exp (Aym) — 1] -

O = 0 Ay /A (10
In fact, the reconstitution of 8PV involves other differential
and normalization procedures taking into account addi-
tional reversals [24]. It ensures that both the PV and the
calibration signals are free from spurious effects such as
“geometrical” ones, due to the possible alteration of the
amplified probe beam geometry, or electromagnetic inter-
ferences for instance [23].
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Fig. 3.L-R asymmetry as a function of the optical density A
for two hfs transitions and for both €l || €ex and ém L €ex
configurations. Dotted arrows join examples of points ob-
tained in otherwise identical conditions. Black and open
circles respectively correspond to variations of A induced by
varying E (from 1.2 kV/cm to 2.2 kV/cm) and the pump
energy (from 1.5 to 2 mJ). Probe delay 6 ns; constant probe
saturation (~ 4 X 107 photons per reference probe pulse);
calibration tilt = 1.2 or 1.7 mrad. Inset: extrapolation for the
6S1/2,F = 3 = 75,,2,F = 4 — 6P3/5,F = 4 transition and

~in

€pr L Eex.

3.2 Experimental results

Figure 3 summarizes the results obtained for two hfs pump-
probe transitions (3,4,4) and (4, 3,3) whose respective
anisotropy parameters are 11/12 and 3/4. In both cases
Agal /9°2l is plotted as a function of the optical density
of the excited medium and compared to the theoretical
predictions. The optical density is obtained by compari-
son of the amplified probe pulse to a reference probe pulse
sent 1 ms later when all cesium atoms have decayed [23]:
hence A = In((Sx + Sy)*™/(Sx + Sy)™"). The case of
the (3,4, 4) transition is the most significant in view of its
large anisotropy parameter. The solid and dotted curves
represent the theoretical predictions without any adjusted
parameter. They appear in excellent agreement with the
experimental points for both transitions.

Figure 3 exhibits the most interesting feature of this
work for é’pr; L €écx. Indeed an increase of A not only
increases exponentially the detected probe intensity (as
exp (.AH)) but also amplifies ezponentially the detected
A?j{ asymmetry. In these measurements the probe inten-
sity is fixed and two parameters are varied in order to
change A, the magnitude of E and the intensity of the
excitation beam. As shown in Figure 3 the asymmetry
depends only on A whichever parameter is varied. This
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means that all ways of scaling-up A effectively result in a
net gain as regards the Apr amplification.

Experimental points in Figure 3 were obtained pair-
wise by switching the probe polarization between the con-
figurations €, || €cx and €, L &cx. Dotted arrows show
examples of such pairs. One can see that as long as the
optical density is small, there is no advantage in working
in the perpendicular configuration, since it appears that
the smaller slope is compensated in the parallel case by a
larger optical density. However, when the amplification is
increased and A3 /6° versus A departs from a straight
line, the advantage becomes conspicuous.

While Apgr is extracted from the differential signal,
Sx — Sy, which is free from any technical noise common
to both channels, by contrast the optical density is evalu-
ated from the sum signal, Sx + Sy, and affected by a much
larger noise. Therefore the dispersion among the experi-
mental points of Figure 3 is essentially due to the exper-
imental uncertainty on A. As clearly shown by equation
(10) this source of noise does not affect the determination
of the PV angle which only involves the measurement of
two differential signals, AY}; and A§3, performed in iden-
tical experimental conditions.

3.3 Absorption

The real situation is somewhat more complex because of
a small isotropic background due to an atomic absorp-
tion B < 0. The effectively measured amplification is :
In(Igr/Iin) = A+ B. Actually B is determined indepen-
dently by tuning the excitation laser out of resonance. For
the experimental data shown in Figure 3 the value of B
varies between 0.05 % 0.01 and 0.15+£ 0.02, its uncertainty
affecting consequently the abscissae of the data points.

An important result of the theoretical calculations [21]
was that the dependence of A$3 /6°¥! on the amplification
parameter A is still conserved for realistic values of B.
The good match of Af3 /6 with the theoretical curve
confirms the overall theoretical predictions.

4 Gain of sensitivity due to A g amplification
4.1 Quantum noise in presence of amplification

The semi-classical treatment of the asymmetry amplifica-
tion does not give any information about the quantum
fluctuations of the amplified radiation field. However, if
the input field is in a coherent state, it is well known that
spontaneous emission introduces additional noise. In the
particular case of linear amplification the variance of the
photon number N of the amplified beam is given [25] by:
0% = (2exp(A) — 1) < N >. One can thus get the im-
pression that the potential gain of sensitivity that was ex-
pected from the amplification of Apg is made illusory be-
cause of the quantum fluctuations of the amplified beam.
Nevertheless, a careful examination of this problem proves
that this is not the case.
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In fact the physical quantity that we must consider is
not the total photon number N but rather the asymme-
try ALr = (Sy — Sx)/(Sy + Sx) which leads to the PV
angle 6PV wia equation (10). The signals Sx and Sy are
respectively proportional, with the same proportionality
coefficient, to the photon numbers Nx and Ny in the two
channels detecting X— and Y—polarized light respectively.
The variance of the L-R asymmetry is:

2 < (ANy —ANx)* >

(< Ny >+ < Nx >)?
< (ANY + ANx)2 >
(< Ny >+ < Nx >)?2’

ALr T

+AZR

(11)

where we shall treat the fluctuations of the photon num-
ber in each channel, ANx and ANy, to the lowest or-
der. Since we are dealing with nearly balanced operation
(ALr < 1) we write < Nx >=< Ny >=< N > / 2
and we neglect the term involving A%y in JiLR. We shall
assume that at the same level of approximation , the am-
plified field state can be written as ¥ > ®[0L >, where
the index || and L refer to the photons polarized along
(X+Y)/v2and (X —Y)/v2 and |0, > means a |field
in the vacuum state [26]. Without any other assumption

concerning the statistical property of the field, explicit
computations using the relations al, = (a?t| +al)/v2 and

ai( = (ar| — ai)/\/i between the creation operators of the

photons in the |-, L—, X— and Y—polarized fields give:

< (ANxy)’ >=<N§y >— < Nxy >’
=(<(AN)?>+ <N >)/4 (12)
< ANx ANy > = (< (AN)?> > — <N >)4. (13)

Equation (13) shows a correlation between Nx and Ny
whenever the field state departs from a coherent state.
As a result, the L-R asymmetry variance only involves
the mean total number of detected photons and no other
statistical property of the radiation field:

9 1

TAn T NS (1)

It is remarkable that the above mentioned deviation of
the photon statistics with respect to Poisson’s Law has
no effect on o4, ,, a property which is indeed used in the
context of light detection at and below the shot noise limit
(see e.g. [27,28]).

4.2 Quantum limited NEA

We can now estimate the sensitivity of the experiment
to the electroweak asymmetry were it be limited only by
quantum fluctuations. According to equation (10), since
oary J[ATR > 0 gea JA3 the standard deviation on 6PV

1S:
ecal
Ogpv = <@> O-AE;;{. (15)
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Fig. 4. NEA vs. |A{%/0°| for the 6S;/2,F =3 — 7S, /2, F =
4 — 6P3/2,F = 4 transition and é;r; 1 é€cx (other conditions
the same as in Fig. 3). Dots: observed NEA; solid line: expected
|ArLr/6|7" dependence; crosses: expected NEA (Eq. (16)) in-
cluding shot-noise (calculated from the number of detected
photoelectrons) and a small contribution to o4,y from elec-
tronic noise.

The quantity ogev can be seen as a Noise Equivalent Angle
(NEA):

1/vV/N

NEA = ,
Afg /<!

(16)

where N is the average number of detected photons. We
thus expect any amplification of A§d /6 to result in a
reduction of the NEA, i.e. a gain for the signal-to-noise.

4.3 Observed gain of sensitivity when Ay is amplified

Figure 4 shows the measured NEA as a function of the
L-R asymmetry amplification A$% /6°! for the 6S; 2, F =
3 = 7S12,F =4 — 6P3)5, F = 4 transition and €, = €|,
at a fixed value of Igr‘. Each point is the mean value of the
NEA observed on an experimental run.

It is quite conspicuous that the NEA is reduced when
the asymmetry amplification factor is increased. The gen-
eral behaviour appears consistent with the inverse law de-
pendence represented by the continuous curve, which in-
dicates that the noise o 4pv is nearly constant. This means
that no significant spurious noise is added by the amplifi-
cation process, a fact which confirms the theoretical anal-
ysis of the previous paragraph. We note that we cannot
expect to see the 1/4/N reduction of & APY, with amplifica-
tion, the effect being too small in the optical density range
explored.

However, a careful evaluation of the expected NEA
(crosses in Fig. 4) shows the presence of some extra noise
with respect to the expected quantum noise. The extra
noise is responsible for the dispersion conspicuous on the
observed noise. We are currently investigating different
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possible sources. Without excited atoms the observed noise
is compatible with the shot noise limit. With excited atoms,
we find that insertion of a Glan prism at the output of the
Cs cell suppresses almost all the extra noise. A possible
cause might come from inhomogeneities in the anisotropic
optical components. Coupled to position jitter of the
beams, for example due to turbulence near the hot cesium
cell oven, they can generate genuine polarization noise.
Perhaps also fluctuations in the geometry of the amplified
probe beam coupling to imperfections of the analyzer can
contribute to this extra noise [23].

Nevertheless, as the inset in Figure 3 shows, any fur-
ther increase of A should continue to increase |A3 /63|
and thus improve the signal-to-noise ratio. Up to now, the
best results are obtained for A of the order of 0.45 yield-

ing |A§3 /60°* ~ 1.0| and ogev ~ 350 urad per laser shot.

5 Perspectives and conclusion

We have demonstrated the L-R asymmetry amplification
with our PV experimental set-up. The observed expo-
nential dependence in the optical density agrees with the
theoretical study [21]. Noise measurements show that, al-
though residual instrumental noise remains, the amplifi-
cation process does not add noise by itself, and therefore a
L-R asymmetry amplification effectively improves our sen-
sitivity to APV, a striking feature strongly associated with
the use of balanced polarimetry. Consequently, all ways of
scaling-up the optical density in our experiment deserve
consideration. The parameter playing the most important
role here is the gain anisotropy of the excited medium
() — ap)L. If we refer to equation (1), we see that the
main possibilities of improvements rely on the production
of a high density of 7S excited atoms, but keeping also in
mind the proportionality of a to 7 =% = Tb.

The density N7s involves the ground state atomic den-
sity, the excitation cross-section, oy, itself proportional to
E?, and the number ny of excitation photons per pulse
and per unit area: N7g = Ngs Oox(E?) Nex. This empha-
sizes the importance of boosting both the electric field, and
the energy density of the excitation beam. The experi-
ment takes advantage also of the high atomic densities
Nss available in a saturated vapor. But above atomic den-
sities of a few 10'* cm ™3, resonant collisions shorten T5 as
the inverse of the density, so that no further increase of
« is expected at higher densities. However, one must re-
member that if we realize the condition T» < t,, instead
of T, = 0.7 t, in the present situation, then the opti-
cal thickness A wversus the amplification parameter, oL,
acquires a larger slope: 2.0 instead of 0.6. This suggests
operating the experiment at larger atomic densities. An-
other important prediction of the theory [21] is that an
increase of the probe intensity further improves the NEA
since it should conserve the Apg /6 amplification factor of
the 6512, r+1 — 7S1/2,r — 6P3/2  hfs transitions and de-
crease the quantum noise 1/4/< N >. This has also been
checked by operating our current probe laser at the largest
available intensities. A new diode laser system is under
construction to reach a much higher intensity.
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In conclusion, our PV experiment bears new inter-

esting features with respect to former ones in its use of
an optical amplification process in a strongly anisotropic
medium and balanced polarimetry, two techniques un-
usual in this domain of physics.
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