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Abstract. We present a novel spectroscopic method based
on a phase-modulated interferometer which is suitable for
the high-precision measurement of absorption and index of
refraction profiles. A comparison with competing methods,
that is with interferometry and FM spectroscopy, is given.
The combination of these two methods, the phase-modulated
interferometer, is shown to be best suited for experiments
aiming at the realization of novel optical media, for example media exhibiting an ultra-large index of refraction
or strong dispersion without absorption. The theory of operation and a theoretical and experimental signal-to-noise
analysis are presented. Current detection limits for optical
√
phase shift and√relative absorption are 1.1 × 10−5 rad/ Hz
and 2 × 10−5 / Hz, respectively. We demonstrate the effectiveness of this novel technique by investigating the absorption and index of refraction profiles of the 4s2 1S0 →
4s4 p 1P1 resonance transition at 423 nm in calcium.
PACS: 07.65; 07.57.Pt; 32.70.Jz

Over the last years it has been shown both theoretically
and experimentally that the optical properties of atoms and
molecules can be “designed” simply by introducing atomic
coherence or utilizing quantum interference. Examples are
cancellation of absorption [1], enhancing the index of refraction and the dispersion [2–4] and the realization of ultralarge non-linearities without absorption [5]. These media provide a variety of new applications, such as an ultra-sensitive
magnetometer [6] or high-finesse broadband optical cavities
(white-light cavities [7]). For their realization, precise knowledge and control of the absorption coefficient and of the
index of refraction of these media are necessary. Since it
overcomes some of the problems related to competing spectroscopic methods while offering the potential for shot-noiselimited measurement of optical spectra, the novel spectroscopic method that we present in this paper is best suited for
the measurement of these properties.
Among the large number of existing spectroscopic
methods there are only two providing highly sensitive and

simultaneous detection of the absorption and phase shift (index of refraction) which a “probe field” experiences as it
passes through the medium under investigation. The first
method is given by the category of phase and/or amplitude
modulation techniques whereas the second is an interferometric method.
Based on the pioneering work of Bjorklund [9] phase
modulation techniques in the optical domain have been used
and optimized for about two decades [8]. By choosing the
phase modulation index M and the modulation frequency ωm
one can distinguish between two distinct regimes of phase
modulation spectroscopy. The wavelength modulation spectroscopy utilizes a large phase modulation index (M  1)
and a modulation frequency small compared to the width Γ
of spectral feature under investigation: M × ωm  Γ . This
method reveals only the derivative of the absorption with respect to the optical frequency and does practically not provide
information about the index of refraction [10]. The second
limiting case where M  1 and a ωm  Γ , is referred to
as frequency modulation spectroscopy (FMS). For this case,
only the carrier and the first-order modulation sidebands of
the phase-modulated optical field have to be considered [10].
When passing through the sample, these three spectral components will experience a certain phase shift and damping,
which can be described by a complex amplitude transmission coefficient Tn = e−δn × ei φn , where n = −1, 0, +1 designates the low-frequency, the carrier, and the high-frequency
component, respectively. Assuming small variation of the
absorption and the phase shift with frequency (|δn − δn+1|,
|φn − φn+1 |  1), the beat signal at the modulation frequency
detected with a fast photodiode takes the form [10]:
Iωm (t) ∝ M (δ−1 − δ+1) cos ωm t
+ M (φ−1 + φ+1 − 2φ0) sin ωm t .

(1)

From (1) it follows that a simultaneous measurement of the
phase shift φ(ω) (index of refraction) and the absorption δ(ω)
can only be achieved when one of the sidebands is swept
across the spectral feature of interest, with the carrier and
the other sideband not experiencing any phase shift or damping at all. One of the most important features of FMS is the
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fact that quantum-noise (shot-noise)-limited sensitivity can
be achieved experimentally for both absorption and phase
shift detection [11]: First, FMS has no background signal.
In the case of vanishing absorption and phase shift there is
no signal at the modulation frequency. Second, the information is contained in the high-frequency component of the
photodiode signal. At high modulation frequencies, detector electronics noise, technical laser frequency, and power
noise can be suppressed below the shot-noise level of the
optical field. Furthermore, techniques have been developed
to overcome those technical problems encountered in FMS
one encounters when trying to achieve shot-noise-limited sensitivity (RAM [11], interference effects [12], drift of baseline: two-tone-FMS [13]). Even sub-shot-noise-limited sensitivity for absorption measurements has been achieved with
amplitude-squeezed lasers [14]. FM-noise spectroscopy [15]
provides FMS without the need of active phase modulation
and is based on the intrinsic broadband frequency noise of
diode lasers.
Schmidt et al. [16] used a Mach–Zehnder interferometer
for the simultaneous detection of the absorption and of the
index of refraction in a Λ-scheme in Cs, exhibiting strong
positive dispersion without absorption. In the limit of perfect
contrast, a perfectly balanced power beam splitter at the output of the interferometer, and two ideal photodiodes (unity
quantum efficiency, identical transimpedance gain), the differential mode (balanced) output of the interferometer can
provide shot-noise-limited phase shift sensitivity, if the interferometer is operated at a “half fringe”. Here, “half fringe”
describes the situation where, for a balanced output beam
splitter, the signals from both of the outputs equal each other:
I1 = I2 = I0 /2 (see below). However, the absorption measurement is based on directly detecting the transmitted power
and will therefore not reach a sensitivity comparable to FMS.
In addition, for certain reasons not connected to the interferometric technique, Schmidt and co-workers had to ensure that
the laser power in both arms of the interferometer was the
same. Hence, for a weak probe, the detected signal must be
small and technical noise problems can arise.
Müller et al. [3] developed a common-path heterodyne interferometer for which both the reference and probe beam
are separated not in space but in frequency. The setup can
be interpreted in terms of an interferometer operated at the
difference frequency (microwave range). This method shows
some similarity to FMS in the limit of complete absorption of
the non-probing sideband and can provide shot-noise-limited
sensitivity for phase shift detection. However, as with the
homodyne interferometer, the absorption is directly detected
so that shot-noise-limited sensitivity can not be achieved for
this quantity. Nevertheless, this method offers some advantages compared to ordinary FMS, since it is not limited to
a small phase modulation index (i.e. small probe power). In
this way one can avoid those problems that can arise from the
interaction of the non-probing sideband or the higher order
sidebands with the sample. In addition, it technically simplifies the setup in those cases where phase-locked lasers must
be used: then, additional active phase modulation is obsolete.
Although all of the spectroscopic methods mentioned so
far seem to be well suited for the simultaneous and highly
sensitive detection of absorption and refractive index profiles, they do not meet all of the requirements for “designing”
the optical properties of certain media. In order to discuss

this in Sect. 1, we will define five requirements a convenient
setup has to meet, we will briefly evaluate the spectroscopic
methods mentioned above with respect to these requirements,
and we will introduce the basic concept of the novel method
discussed in this paper. In Sect. 2, a theoretical description
of this novel method is developed. These results are used to
investigate its sensitivity limit in Sect. 3. In Sect. 4 we give
a description of technical details, we discuss the operation as
an active null instrument, and present some experimental data
on the sensitivity achieved so far. Finally, we demonstrate the
performance of the novel method by spectroscopically investigating the Ca 4s2 1S0 → 4s4 p 1 P1 transition.
1 Basics of the novel method
The spectroscopy requirements for realizing novel optical
media differ from those given for laser stabilization, optical clocks, or molecular spectroscopy. Although especially
for high-precision spectroscopy a detailed understanding of
the absorption line shape is essential for determining the line
center, it is mainly the exact knowledge about the transition
frequency that provides the information about, for example
the molecule. In contrast, the absorption and index of refraction profiles are of major interest for the design of the novel
media mentioned above. A spectroscopic setup dedicated to
the investigation of these novel media has to meet the following requirements:
(i) The spectroscopic method should allow the simultaneous
measurement of the absorption coefficient and of the index of refraction, as both vary with frequency. In principle, one can derive one of these profiles from the other by
applying the Kramers–Kronig relations [17]. However,
these relations assume that either the absorption or the index of refraction is known for every frequency. This can
be a problem for very complex spectra of molecules, for
example.
(ii) The method should avoid cross-talking between the absorption and index of refraction signal. Cross-talking
can play a role especially for spectroscopy within the
very vicinity of a resonance, where the absorption signal
reaches its maximum and the index of refraction signal
(usually an optical phase shift) approaches zero.
(iii) The (classical) measurement must not modify the optical
properties of the medium under investigation. The signal
should carry information concerning the absorption and
the index of refraction of the probe field only. This is of
importance for FMS, as discussed below.
(iv) A good signal-to-noise ratio should be achievable even at
low probe powers: for our purpose of realizing negative
dispersion without absorption [4], a sensitivity of 10−5 −
10−6 for relative absorption and 10−5 –10−6 rad for optical phase shifts should be reached at probe power levels
of ≈ 20 µW.
(v) Since it is the absolute value of the absorption coefficient
and of the index of refraction that is to be determined,
calibration of the signals should be simple, accurate, and
reliable. In the ideal case, the calibration factor is a constant and does not depend on laser power etc. Actually,
this is a question of convenience rather than a requirement. Still, it turns out to be an advantage of the novel
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method presented here so that we may add this point
to this list of aspects used to compare different spectroscopic methods.
We begin our discussion by evaluating FMS with respect
to these requirements. It first should be emphasized that only
FMS used in the way described above can provide information for both optical phase shifts and absorption, with shotnoise-limited sensitivity. This also includes the novel method
presented here and is due to the fact that all but the FMS
detects transmitted fields rather than the absorbed fields (i,
iv). However, some problems arise when FMS is used for investigations on novel optical media such as those providing
an enhanced index of refraction. To recognize this, we notice that (1) is valid only in the limit of small phase shift and
small absorption. Taking into account higher order terms and
assuming that only one FM sideband, for example n = 1, experiences some phase shift and absorption, (1) becomes


1 2
Iωm (t) ∝ M × −δ1 +
δ1 − φ12 −
2
× cos ωm t

1
+ M × φ1 − δ1 φ1 + δ12 φ1
2
× sin ωm t .

1
1 3
δ + φ12 δ1 + . . .
6 1
2
1
− φ13 + . . .
6





(2)
Hence, the second-order terms give rise to cross-talking effects and to non-linearities. For example, near points of vanishing absorption where the index of refraction and consequently the phase shift can be large for certain systems [2],
the absorption signal will be masked completely by the phase
shift. Additionally, for phase shifts approaching ≈ π/2, the
phase shift signal strongly becomes non-linear or even ambiguous. Therefore, (ii) will not be satisfied in general. Further, in FMS there are two optical fields used for optical phase
referencing, that is the carrier (n = 0) and the second FM
sideband (n = −1), which both pass the medium. If the modulation frequency ωm is not sufficiently large, both of the
reference fields will experience varying phase shifts and absorption during an experiment when the laser frequency or the
modulation frequency is swept. Of course, this will introduce
an error to the signal. Finally, to obtain a good signal-to-noise
ratio, the carrier usually has to be strong. Again, if the modulation frequency is too small, the strong carrier will drive
the atoms thus modifying the optical properties measured by
the probe field. In this sense, the measurement itself modifies the sample and vice versa, so that it might be difficult
to meet (iii). In principle, this additional interaction between
the measurement device and the sample can be strongly reduced by increasing the modulation frequency. However, one
may reach technical limits at a few tens of GHz, which still
may not be enough for example for molecular spectroscopy.
Further, cross-talking and non-linearity problems still maintain as they are not related to the value of the modulation
frequency. In conclusion we find, that FMS might not be well
suited for those investigations that focus on the realization of
certain novel optical media.
The Mach–Zehnder interferometer used by Schmidt and
co-workers [16] substantially fulfills all but the second to the
last of these requirements. Cross-talking (ii) is avoided and

the calibration factor (v) of the phase-shift signal is a constant, if the interferometer is operated as an active null instrument and the phase-shift signal is derived from the feedback
signal of the servo loop stabilizing the interferometer to a
“half fringe”. Since the optical phase reference and the probe
field are separated in space, the reference neither is affected
by the medium nor modifies the absorption and the index
of refraction of the sample (iii). However, to get a convenient signal-to-noise ratio at low probe power levels within
the sample, a “high-power” reference has to be used. This can
be realized by using a strongly unbalanced beam splitter at
the input of the interferometer, passing almost all of the probe
laser power to the reference arm. Of course, this strongly
reduces the contrast of the interferometer and therefore introduces some difficulties in locking the apparatus exactly at the
desired working point (at a “half fringe”). Problems arising
from imperfect contrast, from a not perfectly balanced output beam splitter and from unbalanced photodetectors at the
output of the interferometer will shift the locking point of
the interferometer thus introducing cross-talking effects and
changing the calibration factor. Therefore, an interferometer
like the one used by Schmidt and co-workers usually will
be operated with a balanced input beam splitter [18]. Consequently, this will cause some difficulties in reaching a good
signal-to-noise ratio at low probe field powers (iv). Please
note, that even in the case of a perfectly balanced input beam
splitter it will take some effort to overcome the other problems mentioned above. Therefore, we conclude that it will be
difficult to satisfy (iii) and (iv) under experimental conditions.
Nevertheless, it should be emphasized that the interferometric setup – at least in principle – provides the possibility to
achieve shot-noise-limited sensitivity for optical phase shift
detection.
When compared to the Mach–Zehnder interferometer the
heterodyne interferometer of Müller et al. [3] has three major
advantages. First, it satisfies (iv), since a high-power optical
local oscillator (LO) may be used to achieve a large signal
even for a low-power probe field (iv). The principle of operation for phase shift detection is the same as for FMS, so that
shot-noise-limited sensitivity may be achieved with respect to
this quantity. Second, this heterodyne interferometer may be
interpreted as an interferometer operated at microwave frequency (ωLO − ωprobe = 9.2 GHz), thus reducing the strong
demands for passive mechanical stability which have to be
satisfied in the case of an optical interferometer. Third, the
phase shift information is contained at microwave frequency
so that the common problems connected with dc measurements are omitted. However, the problems arising with the
heterodyne interferometer are nearly the same as with FMS.
Cross-talking (ii) is not avoided, since the signal is proportional to the product of probe power transmission and the
optical phase shift. Additionally, for large optical phase shifts
(≈ 1 rad), the phase detection becomes non-linear, since the
heterodyne interferometer can not be operated as an active
null instrument. Further, (iii) only is fulfilled in parts. The
strong optical field driving the atoms [3] also serves as the
constant-frequency optical phase reference, thus the optical
LO does not introduce additional modification of the optical
properties of the medium. However, in the limit of a strong
probe the phase and amplitude of the reference optical field
will be modified when the probe field is tuned during an experiment, so that the reference field no longer may serve as
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a phase reference. In general, satisfying (iii) turns out to be
crucial for a setup where both the probe and the reference
field pass the medium.
On one hand, the comparison of these methods clearly
shows that an interferometric setup satisfies most of the requirements and is the only way to inherently fulfill (iii). However, the most severe problems related to the setup used by
Schmidt et al. are due to the difficulties in locking the interferometer exactly at the working point (at a “half fringe”).
On the other hand, FMS and the heterodyne interferometer
tell us how to overcome this problem. Consequently, a combination of interferometry and of the phase modulation technique should unite the advantages of both while at the same
time avoiding the problems related to each of them. How this
is done is shown in Fig. 1. The setup consists of a Mach–
Zehnder interferometer utilizing an electro-optic phase modulator within the reference arm. Although each single output
provides full information about phase shifts and absorption
and would allow locking the interferometer at a “dark fringe”
or at a “half fringe” without any subtraction of a background
signal, the differential mode signal (balanced signal) is detected for signal-to-noise reasons. By demodulating the signal
at the modulation frequency or higher harmonics the phase
shift and absorption can be determined. As we will see later
on, this setup meets (i), although it is only the optical phase
shift for which shot-noise-limited sensitivity can be achieved
in principle. Since the setup can be operated as an active
null instrument for phase shift detection, cross-talking and
non-linearities present in FMS, for example, are avoided (ii).
Further, calibration of the absorption signal is simple and the
calibration factor for the phase shift measurement even is
a constant determined by the half-wave voltage of the EOM
(v). The optical phase reference does not pass the medium
thus inherently omitting problems arising from the (classical)
interaction between the apparatus and the sample under investigation (iii). The novel method makes use of the strong local

Fig. 1. Principle of operation of the novel method which consists of a combination of a Mach–Zehnder interferometer and FMS. The reference arm of
the interferometer is phase modulated (EOM), whereas the test arm intersects a chopped atomic beam (AB). The differential mode signal (balanced
output) of the interferometer provides the information about optical phase
shifts and absorption. M1, M3: beam splitter, LO: local oscillator. A piezoelectric transducer (PZT) is used for optical phase correction

oscillator concept known from FMS by using a strongly unbalanced input beam splitter (iv). In contrast to the standard
Mach–Zehnder interferometer, this now does not introduce
problems to actually lock the interferometer at the desired
operating point (“half fringe” or “dark fringe”). Further, problems arising from a not perfectly balanced output beam splitter and from unbalanced photodetectors are omitted as well.
Of course, we do not gain these advantages for free. To
see this, one should recognize that the setup could be interpreted as a FMS method, where the carrier (n = 0) serves as
a probe and where strong sidebands spatially bypassing the
interaction zone serve as the phase reference. Hence, from (1)
it is obvious that only phase shifts can be detected with FMS
methods and therefore may be measured with shot-noiselimited sensitivity. The absorption measurement is based on
a detection of the transmitted field amplitude (“direct detection”). Therefore, the absorption sensitivity will always be
limited by dc-power noise of the laser. Nevertheless, since the
strong-LO concept can be applied to the absorption measurement, this method is superior to the direct detection of absorption by ordinary absorption spectroscopy, so that a good
signal-to-noise ratio can be achieved even at low probe powers. Finally, as for the setup used by Schmidt et al., the phase
sensitivity is limited by the passive mechanical stability of the
optical interferometer. Consequently, in order to reach high
sensitivity, the sample should be chopped so that the signal is
detected at frequencies, at which seismic and acoustic noise
may be neglected. This might not be a problem in those cases,
where an atomic or molecular beam must be used in order to
avoid the Doppler effect. Then, chopping the sample simply
can be realized by using a mechanical or optical chopper.

2 Theory of operation
In this section the theory of operation for the novel method
is developed and the optimum conditions for operation are
discussed.
An optical field described by EIN = E0 exp (iωt) enters the
interferometer at the beam splitter M1, as shown in Fig. 2.
The amplitude reflectivities of both beam splitters are denoted
by r1 and r3 , respectively. The beam splitters are assumed to
be ideal: ri2 + ti2 = 1. The reflectivity of the mirrors is assumed
to equal unity. l1 + la gives the test arm physical length, l2 denotes the distance between the input beam splitter M1 and
the phase modulator (EOM), and lb denotes the distance between the phase modulator and the output beam splitter. The
photodiodes at the output of the interferometer are placed at
distances L 1 and L 2 from M3, respectively. An optical field E
interacting with the sample being placed within the test arm
experiences some phase shift ϕm and absorption (1 − tm ), so
that one may write E → E × tm exp (iϕm ). Finally, an optical field E passing the electro-optic phase modulator placed
within the reference arm will undergo some phase modulation: E → E × exp (i MP sin Ωt). As an example, we give the
optical fields at the photodiode of output 1. The contributions
from the test arm (ET ) and from the reference arm (ER ) are:
ET = E0 r1 (−r3 ) tm ei (ϕ1 +ϕa +ψ1 +ϕm ) ,
ER = E0 t1 t3 ei (ϕ2 +ϕb +ψ1 ) ei MP sin (φ1 ) .

(3)
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the input to outputs 1 and 2 via the reference arm, respectively. Finally, I0 means the optical power injected into the interferometer. As a first result, we conclude from the equation
above, that the demodulation of the signal at the modulation
frequency and at its harmonics provides a signal to lock the
interferometer at a “dark fringe” (sin [∆ϕ L + ϕm ] = 0) or at
a “half fringe” (cos [∆ϕ L + ϕm ] = 0).
In order to simplify the expression, we first discuss the
physical meaning of the microwave phases φ1 and φ2 . The
corresponding terms within the sum over the Bessel functions
have the form
a sin (mΩt) + b sin (mΩt + [L 2 − L 1 ] Ω/c)
= d sin (mΩt + ψ 0 )

Fig. 2. Theory of operation of the novel spectroscopic method. The probe
field EIN enters the interferometer at the strongly unbalanced beam splitter
M1. An electro-optic phase modulator (EOM) is placed within the reference
arm of the interferometer. A chopped atomic beam (AB) intersects the test
arm. Both paths are recombined at the balanced beam splitter M3. The signal from both of the photodiodes at the outputs are subtracted to yield I − .
ϕi , ψi : optical phase shifts, ri : amplitude reflectivity coefficients. For details
see text

Here, ϕi = li × ω/c for i ∈ {1, 2, a, b} and ψi = L i × ω/c for
i ∈ {1, 2} mean optical phases, whereas φi = Ωt + (lb + L i ) ×
Ω/c for i ∈ {1, 2} describe microwave phases. The differential mode signal I − derived from the two photodetectors can
be written as I − := I1 − g I2 , where g accounts for a possible
difference in the sensitivity of the detectors. Expanding the
signal into Bessel functions of the first kind, Jm ≡ Jm (MP ),
we find:


 

−
I = I0 tm2 r̃ 2 − g t˜2 + (r̃ κ)2 − g (t˜ κ̃)2


− 2tm cos (ϕm + ∆ϕ L ) r̃ 2 κ + g t˜2 κ̃ J0
− 4tm cos (ϕm + ∆ϕ L )
∞
X

×
J2n r̃ 2 κ cos (2nΦ1 ) + g t˜ 2 κ̃ cos (2nΦ2 )
n=1

− 4tm sin (ϕm + ∆ϕ L )
∞
n
X
×
J2n+1 r̃ 2 κ sin [(2n + 1)Φ1]
n=0

+ g t˜ 2 κ̃ sin [(2n + 1)Φ2]

o

,
(4)

where
∆ϕ L = (ϕ1 + ϕa ) − (ϕ2 + ϕb)

(5)

is the optical phase difference between the arms of the empty
interferometer, and r̃ = r1 r3 and t˜ = r1 t3 describe the amplitude transmission coefficients for the transfer of the probe
field from the input to outputs 1 and 2 via the test arm, respectively. Similarly, r̃κ = t1 t3 and t˜κ̃ = t1 r3 give the amplitude
transmission coefficients for a transfer of the probe field from

for certain d and ψ 0 depending on a, b, and [L 2 − L 1 ] Ω/c.
It can be shown, that a variation of L 2 − L 1 will change ψ 0
and hence introduce a phase shift of the modulation signal
with respect to the phase of the local oscillator. In addition,
the amplitude d of the signal will vary sinusoidally with
L 2 − L 1 and may even vanish for certain parameters. Therefore, both of the “signal paths” which are formed by the
output beam splitter, by each of the photodetectors and by
the subtracter, may be interpreted in terms of a microwave
interferometer (see Fig. 2). However, there is no square-law
detector following the “output beam splitter” (the subtracter),
so there is no complete analogy to a standard interferometer. Nevertheless, we may conclude two important results
from this discussion. First, differential mode variations of
the photodetector positions will change the phase and amplitude of the signal at the modulation frequency and its
harmonics and therefore will only introduce relative noise
to the signal. This means, that any variation of L 2 − L 1
will not affect the “locking points” sin (ϕm + ∆ϕ L ) = 0 and
cos (ϕm + ∆ϕ L ) = 0 of the interferometer. Second, we notice
that for modulation frequencies in the MHz regime the phase
difference φ2 − φ1 = (L 2 − L 1 )Ω/c can usually be kept small
and variations of L 2 − L 1 due to seismic and acoustic interference will give rise to relative signal noise in the ppm to ppb
range only. For sake of simplicity, we therefore will assume
φ2 = φ1 = Ωt in the following.
We continue the discussion by asking for the optimum
choice of the beam splitter reflectivities. From (4) it follows,
that maximum signal at the modulation frequency and its harmonics is achieved, if
q
q


I0 Jm (MP ) r̃ 2 κ + gt˜2 κ̃ = I0 Jm (MP ) 2r1 r3 1 − r12 1 − r32
(6)
becomes maximum, where balanced photodetectors (g ≡ 1)
have been assumed. Usually, the experimental situation implies some convenient test field power IIZ in the interaction
zone, which defines the input beam splitter reflectivity for
a given probe laser power I0 : r12 = IIZ /I0 . Expression (6) will
be maximum for a balanced beam splitter at the output of the
interferometer, r32 = 1/2. Using these reflectivities, the signal
“strength” (6) may be rewritten as
q
p


I0 Jm (MP ) r̃ 2 κ + gt˜2 κ̃ ≈ IIZ × Jm2 (MP ) I0
(7)
in the limit of IIZ  I0 . As in FMS, this clearly demonstrates
that the signal arises from the beat of the optical field of the

826

test arm and certain phase modulation sidebands of the reference arm. Hence, in order to achieve a good signal-to-noise
ratio, a strong probe I0  IIZ , an unbalanced input beam splitter r12  1 and a balanced output beam splitter r32 = 1/2 have
to be used.
In a real experiment the output beam splitter (r32 =
1/2 + δR) and the photodetectors (g = 1 + δg) are never
exactly balanced but their unbalance can be kept small
(|δg|, |δR|  1). Although it is not essential, we will further
assume for sake of simplicity, that the absorption-induced
loss introduced to the test field is small. Consequently,
tm = exp (−αm /2) ≈ 1 − αm /2, where αm describes the relative absorption of the test field power. Further, for small
phase shifts ϕm  1, sine and cosine expressions of (4) can
be expanded with respect to this quantity. Then, two modes
of operation may be distinguished, which will be discussed
in the following: operation at a “dark fringe”, sin ∆ϕ L = 0,
and operation at a “half fringe”, cos ∆ϕ L = 0. Please note
that for unbalanced beam splitters the “dark port” will not
really be dark.
For operation at a “dark fringe” we find the following contributions to the signal at dc, at the modulation frequency Ω
and at its second harmonic 2Ω:



α δg
−
IDC
≈ −I0 × 2J0 (MP ) r1 t1 1 − +
2
2

 
1
1
+ δg − 4 r12 −
δR ,
2
2
−
IΩ
≈ −4I0 × J1 (MP ) r1 t1 ϕm × sin Ωt ,


1
1
−
I2Ω ≈ −4I0 × J2 (MP ) r1 t1 1 − α + δg × cos 2Ωt .
2
2
(8)
Based on the assumptions introduced above, the signal has
been expanded with respect to αm , ϕm , δg, and δR where second and higher order terms have been neglected. As can be
seen, the term oscillating at the modulation frequency provides information about the phase shift ϕm of the optical test
field, whereas deviations from perfect balance of the beam
splitter and of the photodetectors do not contribute to first
order [19]. Both, the dc signal and the contribution at 2 Ω
provide the information about the absorption, which may be
offset by the unbalance of the output beam splitter and of the
photodetectors. Utilizing the contribution at the second harmonic offers some advantages since the signal is less affected
by unbalance and by 1/ f electronic noise than the dc contribution. However, this requires additional HF electronics.
For the second mode of operation, for operation at a “half
fringe”, we similarly find the following expressions for the
contributions to the signal:


 
1
1
−
IDC
≈ I0 × 2r1 t1 J0 (MP ) ϕm − δg + 4 r12 −
δR ,
2
2


1
1
−
IΩ
≈ −4I0 × J1 (MP )r1 t1 1 − α + δg × sin Ωt ,
2
2
−
I2Ω
≈ 4I0 × J2 (MP )r1 t1 ϕm × cos 2Ωt .
(9)
As far as the dc part of the signal is concerned, this mode
of operation is comparable to the setup used by Schmidt et

al. [16]. From the equation above it is clear, that especially
for a strongly unbalanced input beam splitter an imbalance
of the output beam splitter will introduce a large offset to the
signal. For this reason, it is much more convenient to extract
the phase shift information from the signal at the second harmonic of the modulation frequency, while the loss now can be
determined from the contribution at the modulation frequency
itself.
Comparing the two modes of operation, we find that they
both provide the information about the optical phase shift
without offsets, if detected properly. Further, the transmitted amplitude of the test field is measured rather than the
absorbed. Please also note, that for both operational modes
there is no cross-talking between the phase and the absorption signal to first order. If the interferometer is operated as
an active null instrument for phase shift detection so that
sin (∆ϕ L + ϕm ) = 0 or cos (∆ϕ L + ϕm ) = 0 for operation at
a “dark fringe” or at a “half fringe”, respectively, crosstalking is avoided even for large phase shifts and for large
absorption, as can be seen from (4). Additionally, imbalance
of the output beam splitter or of the photodetectors do not
introduce any offsets to the phase shift measurement, if the
phase shift information is not obtained from the dc contribution to the signal. Hence, the interferometer may be locked
exactly at the operating point as desired, which is essential
for avoiding cross-talking effects. Finally, only operation at
a “dark fringe” allows us to use a single HF demodulation
scheme, so that this operational mode appears to be the most
simple one.
3 Signal-to-noise analysis
In this section an analysis of the most important technical
noise sources and a discussion of the signal-to-noise ratio is
presented. This analysis provides useful information about
the optimum phase modulation index and the geometry of the
interferometer.
The most important sources for signal noise are laser
power noise, laser frequency noise, and mechanical noise of
the interferometer which is introduced by seismic and acoustic noise of the environment. We will only give a rough estimation about shot noise, since the sensitivity of the present
setup is well above this fundamental limit.
In an experiment, the laser power I0 will be affected by
noise. Hence, one may write I0 = Iˆ0 (1 + i(t)), where i(t) is
the relative power noise (RIN) of the laser and Iˆ0 denotes
the mean power averaged over a certain measurement interval
R T/2 T . Defining the Fourier transform of i(t) by î T ( f) =
−T/2 i(t) exp (i2π ft) dt, the single-sided power spectral density of the relative intensity noise is given by [20]
SP {i(t)} ( f) = lim

T →∞

2
î T ( f) × î T∗ ( f) .
T

(10)

The signal noise arising from RIN then is given by

∞
X
−
ˆ
C2n cos [2n 2π f m t]
δI (t) = I0 (t) × i(t) ADC +
n=1

+

∞
X
n=0


C2n+1 sin [(2n + 1) 2π f mt] ,

(11)

where ADC and Cn are defined according to (4) and f m =
Ω/(2π) is the modulation frequency. Now, the Fourier trans− ( f) of δI − (t) has to be calculated. Next, in analogy
d
form δI
T
to (10), the power spectral density of the signal noise due to
RIN may be obtained from the Fourier transform. We find:
n

Sp δI − (t) ( f) ≈ Iˆ02 × |ADC |2 Sp {i(t)} ( f)
∞
n
oo
1X
|Cn |2 Sp {i(t)} (|n f m − f |) + Sp {i(t)} (n f m + f) .
4 n=1
(12)

It has been assumed that the RIN from different Fourier components is not correlated, so that on the r.h.s. of (10) all terms
except those taken at identical frequency cancel. From the
power spectral density the rms noise signal for a given integration time, i.e. for a certain detection bandwidth ∆ f , can be
calculated:
q
p
−
Irms,
:=
∆
f
×
Sp {δI − (t)} .
(13)
min
This rms noise signal reveals the rms signal, which can be
recorded with unity signal-to-noise ratio. Hence, it determines the minimum detectable phase shift and loss signal and
thus defines the sensitivity limit. Combining (8), (9) and (13),
the sensitivity for phase shift and loss detection can be calculated. For operation at a “dark fringe” (8), we find

2×



Sp {i(t)} (0) + 2
s

ϕrms, min, f m =

αrms, min, 2 f m =
s
Sp {i(t)} (0) +



1+

J2
J0

J0
J1

2

2
×

p
Sp {i(t)} (2 f m ) × ∆ f ,

q

(17)

(α, dc)
(ϕ, f m)
(α, 2f m)

(a)

1
0

(18)

1

2
MP

3

4

3

4

(ϕ, dc)
(α, f m)
(ϕ, 2f m)

10

1

(b)
0

αrms, min, f m =
s



p
J32
Sp {i(t)} (0) + 1 + 2 Sp {i(t)} (2 f m ) × ∆ f ,
J1

10

(16)

Since RIN will decrease at high frequencies, only noise contributions from RIN at dc, f m , and 2 f m are considered. Please
note, that at dc the minimum detectable loss is twice as large
as expected for a direct loss detection. This is due to the fact,
that the method described here measures the damping of the
test field amplitude rather than the damping of the test field
power. For operation at a “half fringe” the calculation yields
q
√
p
J1
ϕrms, min, DC = 2 ×
× Sp {i(t)} ( f m ) × ∆ f ,
J0

p
J12 + J32 q
× Sp {i(t)} ( f m ) × ∆ f ,
2
J2
(19)

(14)

p
Sp {i(t)} ( f m ) × ∆ f , (15)

p
J02 + J42
Sp {i(t)} (2 f m ) × ∆ f .
2
J2

1
×
2
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where again high-frequency RIN ( f > 2 f m ) has been neglected. From (15), (17), and (19) it follows that shot-noiselimited phase-shift detection is achievable if the modulation
frequency is large enough, so that RIN at f m and its harmonics may be neglected when compared to shot noise. However,
as can be seen from (14), (16), and (18), the loss detection always contains RIN from dc, where shot-noise-limited power
stability usually can not be achieved for technical reasons.
The noise analysis clearly shows that the optimum modulation index depends on the spectral properties of the RIN.
The laser system [21] used for the experimental investigations on the novel spectroscopic method exhibits a roughly
white RIN for Fourier frequencies up to 3 MHz. This is about
twice the modulation frequency ( f m = 1.8 MHz) that has
been applied, so that as a good approximation Sp {i(t)} (0) =
Sp {i(t)} ( f m ) = Sp {i(t)} (2 f m ) may be assumed. Based on
this simplification, the optimum choice for the phase modulation index can be evaluated. This is shown for both modes
of operation, that is for operation at a “dark fringe” in Fig. 3a
and for operation at a “half fringe” in Fig. 3b. In these figures
the minimum detectable
loss αrms, min and phase shift ϕrms, min
p
normalized to Sp {i(t)} × ∆ f are given for detection at dc,
at f m and at 2 f m .
For operation at a “dark fringe” (Fig. 3a), the optimum
phase modulation index is MP ≈ 2.3, if phase shift and loss

αrms, min , ϕrms, min [a.u.]

αrms, min, DC =
s

ϕrms, min, 2 f m =

αrms, min , ϕrms, min [a.u.]

+

s

1

2
MP

Fig. 3a,b. Optimum phase-modulation index for operation at a “dark fringe”
(a) and at a “half fringe” (b). Minimum detectable loss and phase shift are
shown
p vs. phase modulation index MP . Loss and phase shift are normalized
to Sp {i(t)} (0) × ∆ f . Loss and phase-shift detection are shown in solid
and dashed lines, respectively. Detection at dc and ac are given in thin and
thick lines, respectively
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are detected at ac. However, the most simple way of operation from the electronics point of view is achieved with
loss detection at dc. Then, the optimum phase modulation index is Mp ≈ 1.5. This setup was chosen for the experiment.
For a much larger modulation index, the loss sensitivity is
strongly reduced or even vanishes at MP = 2.4. At this modulation depth, the carrier field within the reference arm is suppressed, as follows from the zero of the Bessel function J0 .
For operation at a “half fringe” (Fig. 3b), optimum phase
shift and loss sensitivity are achieved at different phase modulation indices. As a compromise, a modulation index of
MP ≈ 3 is adequate, where the phase shift sensitivity overcomes the sensitivity for operation at a “dark fringe” by√a factor of 2 and the loss sensitivity is worse by a factor of 2.
Finally it should be emphasized that for the laser system
and the modulation frequency used here, the minimum detectable relative loss and phase shift will be limited by the
RIN at dc and roughly be given by its magnitude. If lasers
were used featuring shot-noise-limited power stability at the
modulation frequency or if the modulation frequency was
sufficiently increased, then shot-noise-limited phase-shift detection would be achievable.
A measurement of the optical phase shift always yields
ϕ = ∆ϕ L + ϕm . Hence, it can not be decided whether the
phase shift is introduced by the medium or by a variation
of ∆ϕ L . According to (5), phase-shift noise will be introduced by residual laser-frequency noise and by mechanical
noise of the interferometer. As for the analysis of laser-power
noise, this rms phase shift error measured within the detection bandwidth ∆ f will define the minimum phase shift due
to the medium, which can be detected with unity signal-tonoise ratio. From (5) it follows, that this sensitivity limit is
given by

2
ϕrms,
min =


∆L 0 2
× Sp {δω(t)} ( f)
c

 ω 2
0
+
× Sp {δ (∆L) (t)} ( f) × ∆ f ,
c

(20)

where ∆L 0 + δ(∆L)(t) = [(l1 + la ) − (l2 + lb )] (t) according
to Fig. 2 and ω(t) = ω0 + δω(t) denotes the instantaneous
laser frequency. From the equation above it follows, that noise
contribution from laser-frequency noise can be suppressed,
if a white-light interferometer (∆L 0 = 0) is used, a condition well known from interferometry. The second term of
(20) introduces noise arising from differential mode geometry
fluctuations of the interferometer. For a Mach–Zehnder interferometer, this contribution can be kept small even for low
Fourier frequencies, since for proper mechanical construction
differential mode drifts can be avoided to some extent. Nevertheless, the phase-shift sensitivity will always be limited
by the passive stability of the interferometer. Therefore, good
seismic and acoustic isolation of the setup from the environment is essential. In general, high sensitivity will only be
accessible if phase shift (and loss) detection is shifted from
dc to higher frequencies (kHz), where seismic and acoustic
interference can reduced by passive isolation, so that it can
be neglected when compared to laser noise. For example, this
can be realized by chopping the sample which is an atomic
beam in our case.

Finally we will give a rough estimation about the significance of quantum noise, as far as is related to the optical
fields (shot noise). A rigorous shot-noise analysis requires
a quantum mechanical treatment of the interferometer, of the
electro-optic phase modulator and of the balanced detector.
To our knowledge, a shot-noise analysis of a compound system like the one discussed here has not been done so far. For
example, Caves [22] has presented a shot-noise analysis that
may be applied to Mach–Zehnder interferometers. However,
this analysis is based on the condition that none of the fields
is modulated and that both of the beam splitters are balanced.
Hence, it does not meet our requirements. The latter argument
also applies to the discussion about non-stationary shot noise
given by Niebauer et al. [23]. Further, these authors did not
consider balanced detection of the signal, so that their discussion as well does not match our situation. Therefore, we
will simply assume that the order of magnitude of signal shot
noise is given by the shot noise of the weak test field, if it was
directly detected with an ideal photodetector. This assumption seems reasonable as can be seen from the discussion of
shot noise in homodyne and heterodyne detection [24]. The
RIN due to shot noise of the weak test field is determined
by [20]
Sp {i(t)} ( f) = 2

hν
,
r12 P0

(21)

where P0 is the laser power at the input beam splitter. The
factor of 2 enters from the fact that Sp {i(t)} ( f) is a singlesided power spectral density. In our experiments, the power
in the interaction volume is about r12 P0 ∼ 20 µW. At a wave1/2
length of λ√= 423 nm this results in a RIN of Sp {i(t)} ( f) ≈
2 × 10−7 / Hz, which is less than our current (technical)
RIN at the corresponding Fourier frequencies by a factor of
about 50. Hence, we conclude that our sensitivity is not yet
shot-noise-limited.
4 Experimental realization
Finally, a description of the experimental setup and an experimental determination of the sensitivity achieved so far
are given. To demonstrate the potential of the novel method,
the spectroscopic investigation of the Ca-resonance transition
4s2 1S0 → 4s4 p 1P1 at 423 nm is presented.
The interferometer is operated completely in an UHV
(< 10−7 mbar) environment. The vacuum chamber is mechanically decoupled from the interferometer, which is connected to the optical table by an intra-vacuum 2-stage mount.
This consists of three legs, carrying an intermediate mass
(≈ 35 kg), which is mechanically decoupled from the legs via
a number of self-made rubber cylinders qualified for UHV
operation. The interferometer itself (≈ 30 kg) is placed upon
the intermediate mass with a set of rubber cylinders between
them. The components of the interferometer are interconnected by three rods made of Zerodur in order to reduce
thermal drifts of the apparatus. The vacuum chamber also includes a Ca oven used to produce an atomic beam, which can
be chopped mechanically at frequencies up to 4 kHz, where
f C = 1.77 kHz is the value usually chosen.
We use an intra-vacuum polarizer (extinction > 10−7
nominal) before the input beam splitter of the interferometer. The optical beam traverses the input beam splitter at an
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angle that is close to the Brewster angle. This way, an uncoated substrate provides the realization of highly unbalanced
tunable input beam splitters. So far, an effective splitting of
1 : 7 has been employed, where the loss due to the phase modulator has been taken into account. The laser power within
the test arm usually is taken to be r12 P0 ≈ 20 µW, whereas
the power of the reference field at the output beam splitter
is about P0 ≈ 140 µW. The EOM is driven at a frequency of
f m = 1.8 MHz with a phase modulation index of M ≈ 1.
The interferometer is operated as an active null instrument. Therefore, we lock the interferometer to a “dark
fringe”. The error-signal is derived from the balanced interferometer output and is demodulated at f m . After some
filtering and amplification, the signal is applied to a piezoelectric-transducer (PZT, Fig. 1) in order to compensate for
low-frequency phase noise and drifts. The high-frequency
part of the signal is applied to the EOM. This way we achieve
a locking bandwidth (unity gain) of 50 kHz with the crossover between PZT- and EOM loop at Fourier frequencies
below f = 200 Hz and a −12 dB/oct. suppression of PZT
gain against EOM gain. We have ensured that the gain of
the EOM loop exceeds 40 dB (50 dB typically) within the
frequency band of 200 Hz to 2 kHz. To extract the optical
phase shift of the test field due to the interaction with the
atoms, the feedback signal for the EOM is probed with a highimpedance probe, filtered by an 8th-order bandpass and then
detected with a dual-phase lock-in amplifier. By detecting the
servo-signal for the EOM, calibration of the phase shift signal is most simple since the half-wave voltage of the EOM
is known. Further, this calibration does not depend on experimental conditions, for example on the probe field power. For
the sake of experimental simplicity, the absorption signal is
derived from the dc part of the balanced interferometer output and not from the signal at 2 f m . After some amplification
and filtering with an 8th-order bandpass, the loss signal is
detected with a dual-phase lock-in amplifier as well.
For an experimental determination of the current phase
shift sensitivity, the setup was operated as described above
but with the phase-shift lock-in amplifier replaced by a spectrum analyzer. The oven was not heated but the atomic
beam chopper was driven at f = 146 Hz which would result in a chopping frequency of f C = 1752 Hz. The laser
was free-running for this measurement. The power spectral density of the phase noise is shown in Fig. 4. A number of resonances can be identified, which are due to
interference of mechanical noise arising from the turbopumps (an = n × 750 Hz) and from the atomic beam chopper
(bn = n × 146 Hz). The background noise is almost
white and
√
1/2
is close to SP {ϕm (t)} ( f) ≈ 1.1 × 10−5 rad/ Hz, determining the current phase-shift sensitivity. At frequencies above
f ≈ 1.2 kHz, the noise at the harmonics of the mechanical
rotation frequency of the atomic beam chopper is negligible. Therefore, a chopping frequency of about f C ≈ 1770 Hz
usually is chosen.
We next discuss the current limitations for the phase-shift
sensitivity. Following [21, 25], the high-frequency RIN
√ of the
1/2
laser is close to SP {i(t)} (1.8 MHz) = 5.0 × 10−6 / Hz. According to (15), this will give rise to √a phase noise of
1/2
SP {ϕm (t)} (1.7 kHz) ≈ 6.5 × 10−6 rad/ Hz for a phase
modulation index of M = 1.57. This is 4.6 dB less than the
sensitivity limit achieved experimentally. The power spectral density of the frequency noise of the free-running laser

-3

10

-6

B
1000
Fourier-frequency f [Hz]

10000

Fig. 4. Sensitivity for phase-shift detection. The square root of the power
spectral density of the phase-shift noise is shown. (A) phase noise of
the interferometer measured with a free-running laser. The phase modulation index is M = 1.57. (B) detector electronic noise. Phase noise
resulting from high-frequency
RIN and from
√
√ laser-frequency noise is
≈ 6.5 × 10−6 rad/ Hz and ≈ 1.2 × 10−5 rad/ Hz at f ≈ 1.7 kHz, respectively. (C) low-frequency RIN [a.u.], which does not limit the phase-noise
sensitivity but which is shown here for the discussion of the structure of
the noise spectra. The nth harmonic resonances an and bn result from mechanical interference of the turbo-pumps and of the atomic beam chopper,
respectively

√
1/2
exceeds SP {δω(t)} ( f) = 7.5 kHz/ Hz
√ at f = 1.7 kHz and
can be estimated to be close to 28 kHz/ Hz [21, 25]. Follow1/2
ing (20) this introduces
√ a phase noise of SP {ϕm (t)} (1.7 kHz)
−5
≈ 1.2 × 10 rad/ Hz for an interferometric arm length difference of ∆L 0 = 13 cm. Since the background noise is
almost white we may assume, that acoustic and seismic noise
directly interfering with the interferometer do not contribute
to it significantly. Provided RIN and laser-frequency noise are
uncorrelated (which strictly speaking will not be the case),
both noise sources would add up to a phase-shift
√ sensitiv1/2
ity of SP {ϕm (t)} (1.7 kHz) = 1.4 × 10−5 rad/ Hz, which
is 1.9 dB more than the sensitivity limit determined experimentally. This small discrepancy can be attributed to the
uncertainty in knowledge of the laser frequency noise and
the EOM half-wave voltage. Hence, we conclude that for
the measurement presented here, the phase-shift sensitivity is
limited by residual laser-frequency noise.
To underpin this conclusion, the low-frequency RIN is
shown as curve C in Fig. 4. From Sect. 3 we know, that RIN
at low Fourier frequencies does not contribute to the phaseshift signal noise. Nevertheless, it can be seen that the phase
noise spectrum shows the same resonances as does the RIN
spectrum at Fourier frequencies above 3.5 kHz. This can be
explained as follows: The optical power is provided by a single resonant external cavity frequency-doubling unit, which
is stabilized in frequency to a free-running diode laser system. The unity gain frequency of the corresponding servoloop is about 6 kHz, so that at Fourier frequencies well below
6 kHz the cavity can “follow” the frequency excursions of
the diode laser. Therefore, resonances of the frequency noise
spectrum at Fourier frequencies up to a few kHz do not appear within the power noise spectrum of the laser. However, at
Fourier frequencies comparable with or greater than ≈ 6 kHz,
these frequency-noise resonances will be recovered within
the power noise spectrum. In conclusion this explains why
the resonances within the phase noise spectrum coincide with
the low-frequency resonances of the power noise spectrum at
Fourier frequencies above a few kHz, and why they do not at
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Fig. 5a,b. Ca resonance transition 4s 2 1S0 → 4s4 p 1 P1 , ∆m = 0. a shows
the optical phase shift, b shows the natural logarithm of the relative transmission α0 × L IZ , where α0 is the absorption coefficient and L IZ gives the
interaction length. An atomic beam is used for the measurement. Interaction length: leff ≈ 1 mm. Atomic density: N ≈ 4 × 108 cm−3 . Integration
time: 1 s. Zero frequency detuning corresponds to the nominal resonance
frequency. The solid lines depict a fit of a theoretical two-level spectrum.
The fitted parameters are given within the text

frequencies below. We also conclude that it is consistent to attribute the peaks and the white background of the phase noise
spectrum to laser-frequency noise.
As a demonstration of the potential provided by the
novel method, we finally present the results of a spectroscopic investigation of the Ca resonance transition 4s2 1S0 →
4s4 p 1P1 , ∆m = 0, at 423 nm. For this experiment two lasers
based on external-cavity SHG (second-harmonic generation)
are used, the first of which is locked to the transition. This
servo-loop utilizes a FMS setup based on a Ca heatpipe.
A fraction of the first laser’s fundamental power is shifted in
frequency by 200 MHz and then is used as an optical local
oscillator for phase locking of the second laser system. Applying a tunable microwave oscillator and a mixer, the second
laser can be tuned in frequency with respect to the first laser.
This second laser is used for measuring the optical spectra.
The result of this experiment is shown in Fig. 5, where the
optical phase shift and the negative natural logarithm of the
transmission (α = α0 L IZ ) are given. For this measurement the
power in the test arm of the interferometer was 20 µW corresponding to an intensity of 0.4 mW/mm2 , which is about
1/3 of the saturation intensity [27]. The integration time was
1 s. The solid lines in Fig. 5 correspond to the theoretical
spectrum of a two-level atom [4] fitted to the experimental
data. For an interaction length of L IZ = 1 mm the following parameters are obtained: N = 4.1900(89) × 108 cm−3 ,
γ/(2π) = 24.252(85) MHz, and ∆ν = 3 27( 26) kHz from the

phase shift data and N = 3.451(23) × 108 cm−3 , γ/(2π) =
22.41(21) MHz, and ∆ν = 326(75) kHz from the absorption
data. For these parameters, only statistical errors (one standard deviation) are given. Here, γ/(2π) denotes the FWHMlinewidth and ∆ν gives the detuning of the line center from
the frequency expected. A non-zero detuning is obtained, if
the laser field does not intersect the atomic beam at a right
angle so that a Doppler shift can be observed.
The remarkable agreement between the fit parameters
derived independently from the absorption and phase-shift
measurement (∆N/N = 0.18, ∆γ/γ = 0.076) should be
pointed out. Nevertheless, the differences exceed the statistical errors given above. The difference between the atomic
densities is attributed to inaccurate calibration of phase shift
and absorption data. A calibration error enters into the phaseshift detection, if the EOM half-wave voltage is not precisely
known (8%). For the calibration of the absorption data we estimate a slightly larger uncertainty, as a number of parameters
and their experimental uncertainties enter (15%). We estimate
the phase-modulation index to be the parameter introducing
the largest uncertainty to the absorption calibration and the
absorption calibration to be less accurate than the phase-shift
calibration. We attribute the origin of the difference between
the fitted linewidth data to technical problems in maintaining
a constant phase modulation index during a single scan. Work
is in progress to resolve this problem.
Although the origin of some systematic effects has not yet
been fully resolved, the correspondence between theoretical
and experimental data clearly demonstrates, that this novel
method provides good signal-to-noise ratio even at low optical powers within the interaction zone. It also proves that
cross-talking between the phase shift and absorption signal is
avoided. Therefore, this method is well suited especially for
those applications of precision spectroscopy, where accurate
knowledge of absorption and index of refraction profiles is of
major interest.

5 Conclusion
In this paper we have presented a novel spectroscopic method
which is based on a phase-modulated interferometer. We have
shown that this novel setup is well suited especially for experiments on novel optical media for which the simultaneous
and high-precision measurement of absorption and index of
refraction profiles is most important.
A comparison with competing methods of interferometry and FMS has revealed that only the novel method can
simultaneously fulfill the essential requirements related to the
study of novel optical media. In principle, shot-noise-limited
sensitivity can be achieved for optical phase-shift detection
(index of refraction measurement). Optical reference fields
bypass the interaction zone avoiding a modification of the
medium by the reference fields and vice versa. Cross-talking
between the absorption and the index of refraction signal is
avoided and a linear response is ensured even for large phase
shifts (≈ π), provided that the interferometer is operated as an
active null instrument. Implementing a strongly unbalanced
input beam splitter, a strong reference field (optical LO) can
be used to achieve a good signal-to-noise ratio even at low
probe powers in the sample volume.
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The theory of operation for the phase-modulated interferometer has been presented. Following this analysis we
found that the absorption and the index of refraction (optical phase shift) can both be extracted from the differential
mode output of the interferometer by demodulating the signal
at the modulation frequency and its harmonics. Two useful
modes of operation can be distinguished if the interferometer is operated as an active null instrument, that is operation
at a “dark fringe” and operation at a “half fringe”. A classical
signal-to-noise analysis lead to an optimization of the phasemodulation index for both modes of operation. This signalto-noise analysis has taken into account the most important
sources of signal noise, that is laser power and laser frequency noise. The phase-shift
√ sensitivity determined experimentally (1.1 × 10−5 rad/ Hz at a probe power of ≈ 20 µW)
was found to be in good agreement with the value calculated: it has been pointed out, that although laser-frequency
noise is currently limiting the phase-shift sensitivity, shotnoise-limited sensitivity should be achievable experimentally.
Further, it has been shown that absorption sensitivity will always be limited
by low-frequency (“dc”) laser-power noise
√
(2 × 10−5 / Hz).
Finally, an experimental investigation of the 4s2 1S0 →
4s4 p 1P1 Ca resonance transition at 423 nm has been discussed to underline the powerful potential of the novel
method. The experimental result impressively demonstrates
that this phase-modulated interferometer is well suited for
experiments on the realization of novel optical media.
To improve the current phase-shift sensitivity, we will
increase the modulation frequency to reduce RIN at the modulation frequency and its harmonics. By balancing the arm
length of the interferometer, it will be possible to reduce
phase-shift signal noise arising from laser-frequency noise by
about 2 orders of magnitude. With decreased technical noise,
we will be able to come closer to the shot-noise limit. Then,
a shot-noise analysis of the phase-modulated interferometer
will be necessary.
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