Appl. Phys. B 70, 821-831 (2000) / Digital Object Identifier (DOI) 10.1007/s003400000249

Applied Physics B
Lasers
and Optics

A phase-modulated interferometer for high-precision spectroscopy

A. Wicht®, M. Mdiller 1, V. Quetschké, R.-H. Rinkleff1, A. Roccd, K. Danzmannt:2

Linstitut fiir Atom- und Molekiilphysik, Abteilung Spektroskopie, Universitat Hannover, Callinstr. 38, 30167 Hannover, Germany
(E-mail: wicht@pallas.amp.uni-hannover.de)
2Max-Planck-Institut fiir Quantenoptik, AuRenstelle Hannover, Callinstr. 38, 30167 Hannover, Germany

Received: 4 October 199Revised version: 11 January 20@blished online: 19 April 2000 8 Springer-Verlag 2000

Abstract. We present a novel spectroscopic method basesimultaneous detection of the absorption and phase shift (in-
on a phase-modulated interferometer which is suitable fodex of refraction) which a “probe field” experiences as it
the high-precision measurement of absorption and index gfasses through the medium under investigation. The first
refraction profiles. A comparison with competing methodsmethod is given by the category of phase grdamplitude
that is with interferometry and FM spectroscopy, is givenmodulation techniques whereas the second is an interferomet-
The combination of these two methods, the phase-modulatett method.

interferometer, is shown to be best suited for experiments Based on the pioneering work of Bjorklund [9] phase
aiming at the realization of novel optical media, for ex-modulation techniques in the optical domain have been used
ample media exhibiting an ultra-large index of refractionand optimized for about two decades [8]. By choosing the
or strong dispersion without absorption. The theory of opphase modulation indeM and the modulation frequenay,
eration and a theoretical and experimental signal-to-noisene can distinguish between two distinct regimes of phase
analysis are presented. Current detection limits for opticainodulation spectroscopy. Thweavelength modulation spec-
phase shift and relative absorption dré x 10-°rad/~/Hz  troscopyutilizes a large phase modulation indeM (> 1)

and 2 x 1075 /+/Hz, respectively. We demonstrate the ef-and a modulation frequency small compared to the width
fectiveness of this novel technique by investigating the abef spectral feature under investigatiodt x wm < I'. This
sorption and index of refraction profiles of tha’4S — method reveals only the derivative of the absorption with re-

4s4p 1P, resonance transition 423 nmin calcium. spect to the optical frequency and does practically not provide
information about the index of refraction [10]. The second
PACS: 07.65: 07.57.Pt: 32.70.Jz limiting case whereM « 1 and awn > I, is referred to

asfrequency modulation spectroscofi§MS). For this case,
only the carrier and the first-order modulation sidebands of
the phase-modulated optical field have to be considered [10].
Over the last years it has been shown both theoreticallWhen passing through the sample, these three spectral com-
and experimentally that the optical properties of atoms angonents will experience a certain phase shift and damping,
molecules can be “designed” simply by introducing atomicwhich can be described by a complex amplitude transmis-
coherence or utilizing quantum interference. Examples arsion coefficientl,, = € x €%, wheren = —1, 0, +1 des-
cancellation of absorption [1], enhancing the index of refracignates the low-frequency, the carrier, and the high-frequency
tion and the dispersion [2—4] and the realization of ultra-component, respectively. Assuming small variation of the
large non-linearities without absorption [5]. These media proabsorption and the phase shift with frequen@4 € dn1l,
vide a variety of new applications, such as an ultra-sensitivep, — ¢n11| < 1), the beat signal at the modulation frequency
magnetometer [6] or high-finesse broadband optical cavitiedetected with a fast photodiode takes the form [10]:
(white-light cavities [7]). For their realization, precise know-
ledge and control of the absorption coefficient and of thewm(t) & M (6_1—841) COSwmt
index of refraction of these media are necessary. Since it- M (¢_1 + ¢1 — 2¢0) Sinwmt. (1)
overcomes some of the problems related to competing spec-
troscopic methods while offering the potential for shot-noiseFrom (1) it follows that a simultaneous measurement of the
limited measurement of optical spectra, the novel spectrgghase shiftp(w) (index of refraction) and the absorptiéw)
scopic method that we present in this paper is best suited faan only be achieved when one of the sidebands is swept
the measurement of these properties. across the spectral feature of interest, with the carrier and
Among the large number of existing spectroscopicthe other sideband not experiencing any phase shift or damp-
methods there are only two providing highly sensitive andng at all. One of the most important features of FMS is the
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fact that quantum-noise (shot-noise)-limited sensitivity carthis in Sect. 1, we will define five requirements a convenient
be achieved experimentally for both absorption and phassetup has to meet, we will briefly evaluate the spectroscopic
shift detection [11]: First, FMS has no background signalmethods mentioned above with respect to these requirements,
In the case of vanishing absorption and phase shift there and we will introduce the basic concept of the novel method
no signal at the modulation frequency. Second, the infordiscussed in this paper. In Sect. 2, a theoretical description
mation is contained in the high-frequency component of thef this novel method is developed. These results are used to
photodiode signal. At high modulation frequencies, detecinvestigate its sensitivity limit in Sect. 3. In Sect. 4 we give
tor electronics noise, technical laser frequency, and powex description of technical details, we discuss the operation as
noise can be suppressed below the shot-noise level of tlan active null instrument, and present some experimental data
optical field. Furthermore, techniques have been developexh the sensitivity achieved so far. Finally, we demonstrate the
to overcome those technical problems encountered in FMBerformance of the novel method by spectroscopically inves-
one encounters when trying to achieve shot-noise-limited setigating theCa4s? S, — 4s4p *P; transition.

sitivity (RAM [11], interference effects [12], drift of base-

line: two-tone-FMS [13]). Even sub-shot-noise-limited sen-

sitivity for absorption measurements has been achieved with Basics of the novel method

amplitude-squeezed lasers [14]. FM-noise spectroscopy [15]

provides FMS without the need of active phase modulatioRpe gpectroscopy requirements for realizing novel optical

and is based on the intrinsic broadband frequency noise Qfiegia differ from those given for laser stabilization, opti-

diode lasers. . cal clocks, or molecular spectroscopy. Although especiall
Schmidt et al. [16] used a Mach-Zehnder interferometef, high_precision spectros%opy a d(ft);iled undgerstarp:ding gf
for the simultaneous detection of the absorption and of thg,e ansorption line shape is essential for determining the line
index of refraction in aA-scheme inCs, exhibiting strong  center it is mainly the exact knowledge about the transition
positive dispersion without absorption. In the limit of perfethrequency that provides the information about, for example
contrast, a perfectly balanced power beam splitter at the oufre ' molecule. In contrast, the absorption and index of refrac-

put of the interferometer, and two ideal photodiodes (unityjon hrofilesare of major interest for the design of the novel

quantum efficiency, identical transimpedance gain), the difpyaia mentioned above. A spectroscopic setup dedicated to

fhe investigation of these novel media has to meet the follow-

provide shot-noise-limited phase shift sensitivity, if the inter-ing requirements:

ferometer is operated at a “half fringe”. Here, “half fringe”
describes the situation where, for a balanced output beafi) The spectroscopic method should allow #igultaneous
splitter, the signals from both of the outputs equal each other: measurememnf the absorption coefficient and of the in-
I, =1, =1p/2 (see below). However, the absorption meas- dex of refraction, as both vary with frequency. In princi-
urement is based on directly detecting the transmitted power ple, one can derive one of these profiles from the other by
and will therefore not reach a sensitivity comparable to FMS.  applying the Kramers—Kronig relations [17]. However,
In addition, for certain reasons not connected to the interfero- these relations assume that either the absorption or the in-
metric technique, Schmidt and co-workers had to ensure that dex of refraction is known for every frequency. This can
the laser power in both arms of the interferometer was the be a problem for very complex spectra of molecules, for
same. Hence, for a weak probe, the detected signal must be example.
small and technical noise problems can arise. (i) The method shouldvoid cross-talkingoetween the ab-
Mdiller et al. [3] developed a common-path heterodyne in-  sorption and index of refraction signal. Cross-talking
terferometer for which both the reference and probe beam can play a role especially for spectroscopy within the
are separated not in space but in frequency. The setup can very vicinity of a resonance, where the absorption signal
be interpreted in terms of an interferometer operated at the reaches its maximum and the index of refraction signal
difference frequency (microwave range). This method shows (usually an optical phase shift) approaches zero.
some similarity to FMS in the limit of complete absorption of (iii) The (classical) measurement must not modify the optical
the non-probing sideband and can provide shot-noise-limited properties of the medium under investigation. The signal
sensitivity for phase shift detection. However, as with the  should carry information concerning the absorption and
homodyne interferometer, the absorption is directly detected the index of refraction of the probe field only. This is of
so that shot-noise-limited sensitivity can not be achieved for importance for FMS, as discussed below.
this quantity. Nevertheless, this method offers some advar{iv) A good signal-to-noise ratio should be achievable even at
tages compared to ordinary FMS, since it is not limited to  low probe powers: for our purpose of realizing negative
a small phase modulation index (i.e. small probe power). In  dispersion without absorption [4], a sensitivity 0> —
this way one can avoid those problems that can arise from the 107° for relative absorption ani0—°>—10° rad for opti-
interaction of the non-probing sideband or the higher order cal phase shifts should be reached at probe power levels
sidebands with the sample. In addition, it technically simpli-  of ~ 20uW.
fies the setup in those cases where phase-locked lasers m(8t Since it is the absolute value of the absorption coefficient
be used: then, additional active phase modulation is obsolete. and of the index of refraction that is to be determined,
Although all of the spectroscopic methods mentioned so  calibration of the signals should be simple, accurate, and
far seem to be well suited for the simultaneous and highly reliable. In the ideal case, the calibration factor is a con-
sensitive detection of absorption and refractive index pro- stant and does not depend on laser power etc. Actually,
files, they do not meet all of the requirements for “designing”  this is a question of convenience rather than a require-
the optical properties of certain media. In order to discuss ment. Still, it turns out to be an advantage of the novel
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method presented here so that we may add this poitthe calibration factor (v) of the phase-shift signal is a con-
to this list of aspects used to compare different spectrostant, if the interferometer is operated as an active null instru-
scopic methods. ment and the phase-shift signal is derived from the feedback
. ) . , ) signal of the servo loop stabilizing the interferometer to a
We begin our discussion by evaluating FMS with respectpt fringe”. Since the optical phase reference and the probe
to these requirements. It first should be emphasized that onfje|q are separated in space, the reference neither is affected
FMS used in the way described above can provide informayy the medium nor modifies the absorption and the index
tion for both optical phase shifts and absorption, with shotuf refraction of the sample (iii). However, to get a conve-
noise-limited sensitivity. This also includes the novel method,jent signal-to-noise ratio at low probe power levels within
presented here and is due to the fact that all but the FM§,e sample, a “high-power” reference has to be used. This can
detects transmitted fields rather than the absorbed fields (e realized by using a strongly unbalanced beam splitter at
iv). However, some problems arise when FMS is used for inghe input of the interferometer, passing almost all of the probe
vestigations on novel optical med|a such as'thosg providingser power to the reference arm. Of course, this strongly
an enhanced index of refraction. To recognize this, we NGrgqyces the contrast of the interferometer and therefore intro-
tice that (1) is valid only in the limit of small phase shift and gyces some difficulties in locking the apparatus exactly at the
small absorption. Taking into account higher order terms anglegjred working point (at a “half fringe”). Problems arising
assuming that only one FM sideband, for exampie 1, ex-  from imperfect contrast, from a not perfectly balanced out-
periences some phase shift and absorption, (1) becomes  put heam splitter and from unbalanced photodetectors at the
1 1 1 output of the interferometer will shift the locking point of
_ 7 R S < Y the interferometer thus introducing cross-talking effects and
lom (1) 0 M x { b1+ 5 (01— 93) goL T g9t } changing the calibration factor. Therefore, an interferometer

X COSwm t like the one used by Schmidt and co-workers usually will
1 1 be operated with a balanced input beam splitter [18]. Conse-

+ M x {(pl — 8101 + _5§¢1 — _¢f + ... } guently, this will cause some difficulties in reaching a good
2 6 signal-to-noise ratio at low probe field powers (iv). Please

X Sinwmt. note, that even in the case of a perfectly balanced input beam

(2)  splitter it will take some effort to overcome the other prob-
lems mentioned above. Therefore, we conclude that it will be
Hence, the second-order terms give rise to cross-talking etfifficult to satisfy (iii) and (iv) under experimental conditions.
fects and to non-linearities. For example, near points of varNevertheless, it should be emphasized that the interferomet-
ishing absorption where the index of refraction and conseric setup — at least in principle — provides the possibility to
quently the phase shift can be large for certain systems [2ichieve shot-noise-limited sensitivity for optical phase shift
the absorption signal will be masked completely by the phasdetection.
shift. Additionally, for phase shifts approachingn/2, the When compared to the Mach—Zehnder interferometer the
phase shift signal strongly becomes non-linear or even anteterodyne interferometer of Miller et al. [3] has three major
biguous. Therefore, (ii) will not be satisfied in general. Fur-advantages. First, it satisfies (iv), since a high-power optical
ther, in FMS there are two optical fields used for optical phaséocal oscillator (LO) may be used to achieve a large signal
referencing, that is the carrien & 0) and the second FM even for a low-power probe field (iv). The principle of oper-
sidebandif = —1), which both pass the medium. If the mod- ation for phase shift detection is the same as for FMS, so that
ulation frequencywn, is not sufficiently large, both of the shot-noise-limited sensitivity may be achieved with respect to
reference fields will experience varying phase shifts and althis quantity. Second, this heterodyne interferometer may be
sorption during an experiment when the laser frequency or thiaterpreted as an interferometer operated at microwave fre-
modulation frequency is swept. Of course, this will introducequency (Lo — wprobe= 9.2 GHZ), thus reducing the strong
an error to the signal. Finally, to obtain a good signal-to-noiselemands for passive mechanical stability which have to be
ratio, the carrier usually has to be strong. Again, if the modsatisfied in the case of an optical interferometer. Third, the
ulation frequency is too small, the strong carrier will drive phase shift information is contained at microwave frequency
the atoms thus modifying the optical properties measured bgo that the common problems connected with dc measure-
the probe field. In this sense, the measurement itself modments are omitted. However, the problems arising with the
fies the sample and vice versa, so that it might be difficulheterodyne interferometer are nearly the same as with FMS.
to meet (iii). In principle, this additional interaction between Cross-talking (ii) is not avoided, since the signal is propor-
the measurement device and the sample can be strongly t@nal to the product of probe power transmission and the
duced by increasing the modulation frequency. However, oneptical phase shift. Additionally, for large optical phase shifts
may reach technical limits at a few tens of GHz, which still(~ 1 rad, the phase detection becomes non-linear, since the
may not be enough for example for molecular spectroscopyeterodyne interferometer can not be operated as an active
Further, cross-talking and non-linearity problems still main-null instrument. Further, (iii) only is fulfilled in parts. The
tain as they are not related to the value of the modulatiostrong optical field driving the atoms [3] also serves as the
frequency. In conclusion we find, that FMS might not be wellconstant-frequency optical phase reference, thus the optical
suited for those investigations that focus on the realization dfO does not introducadditionalmodification of the optical
certain novel optical media. properties of the medium. However, in the limit of a strong
The Mach—Zehnder interferometer used by Schmidt angrobe the phase and amplitude of teéerenceoptical field

co-workers [16] substantially fulfills all but the second to thewill be modified when the probe field is tuned during an ex-
last of these requirements. Cross-talking (ii) is avoided ang@eriment, so that the reference field no longer may serve as
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a phase reference. In general, satisfying (iii) turns out to bescillator concept known from FMS by using a strongly un-
crucial for a setup where both the probe and the referendsalanced input beam splitter (iv). In contrast to the standard
field pass the medium. Mach—Zehnder interferometer, this now does not introduce

On one hand, the comparison of these methods clearlgroblems to actually lock the interferometer at the desired
shows that an interferometric setup satisfies most of the reperating point (“half fringe” or “dark fringe”). Further, prob-
quirements and is the only way to inherently fulfill (iii). How- lems arising from a not perfectly balanced output beam split-
ever, the most severe problems related to the setup used t®r and from unbalanced photodetectors are omitted as well.
Schmidt et al. are due to the difficulties in locking the inter-  Of course, we do not gain these advantages for free. To
ferometer exactly at the working point (at a “half fringe”). see this, one should recognize that the setup could be inter-
On the other hand, FMS and the heterodyne interferometgreted as a FMS method, where the carmes(0) serves as
tell us how to overcome this problem. Consequently, a coma probe and where strong sidebands spatially bypassing the
bination of interferometry and of the phase modulation techinteraction zone serve as the phase reference. Hence, from (1)
nigue should unite the advantages of both while at the sarnigis obvious that only phase shifts can be detected with FMS
time avoiding the problems related to each of them. How thisnethods and therefore may be measured with shot-noise-
is done is shown in Fig. 1. The setup consists of a Machdimited sensitivity. The absorption measurement is based on
Zehnder interferometer utilizing an electro-optic phase moda detection of the transmitted field amplitude (“direct detec-
ulator within the reference arm. Although each single outpution”). Therefore, the absorption sensitivity will always be
provides full information about phase shifts and absorptiotimited by dc-power noise of the laser. Nevertheless, since the
and would allow locking the interferometer at a “dark fringe” strong-LO concept can be applied to the absorption measure-
or at a “half fringe” without any subtraction of a backgroundment, this method is superior to the direct detection of ab-
signal, the differential mode signal (balanced signal) is desorption by ordinary absorption spectroscopy, so that a good
tected for signal-to-noise reasons. By demodulating the signaignal-to-noise ratio can be achieved even at low probe pow-
at the modulation frequency or higher harmonics the phasers. Finally, as for the setup used by Schmidt et al., the phase
shift and absorption can be determined. As we will see latesensitivity is limited by the passive mechanical stability of the
on, this setup meets (i), although it is only the optical phaseptical interferometer. Consequently, in order to reach high
shift for which shot-noise-limited sensitivity can be achievedsensitivity, the sample should be chopped so that the signal is
in principle. Since the setup can be operated as an actiwdetected at frequencies, at which seismic and acoustic noise
null instrument for phase shift detection, cross-talking andnay be neglected. This might not be a problem in those cases,
non-linearities present in FMS, for example, are avoided (ii)where an atomic or molecular beam must be used in order to
Further, calibration of the absorption signal is simple and thavoid the Doppler effect. Then, chopping the sample simply
calibration factor for the phase shift measurement even isan be realized by using a mechanical or optical chopper.

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) i

interaction between the apparatus and the sample under invés- 1 n€ory of operation

tigation (iii). The novel method makes use of the strong local

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 bgny = &y exp(iwt) enters the
interferometer at the beam splitter M1, as shown in Fig. 2.
The amplitude reflectivities of both beam splitters are denoted
by r1 andrs, respectively. The beam splitters are assumed to
be idealr? +t? = 1. The reflectivity of the mirrors is assumed
to equal unityl, 415 gives the test arm physical length de-
notes the distance between the input beam splitter M1 and
the phase modulator (EOM), afgldenotes the distance be-
tween the phase modulator and the output beam splitter. The
photodiodes at the output of the interferometer are placed at
distanced.; andL, from M3, respectively. An optical fiel@

PZT

TEST ARM

<|tooooog

IN M1 EOM

—- [—
Z,/ REF. ARM

interacting with the sample being placed within the test arm
- , PHASE experiences some phase shift and absorptioril —ty), so
0 SHIFT that one may write6 — & x ty, exp(ipm). Finally, an opti-
cal field & passing the electro-optic phase modulator placed
TRANS-  within the reference arm will undergo some phase modula-

MISSION  tion: & — & x exp(i Mp sin£2t). As an example, we give the
Fig. 1. Principle of operation of the novel method which consists of a com-optical fields at the photodiode of output 1. The contributions
bination of a Mach-Zehnder interferometer and FMS. The reference arm dtom the test arm&) and from the reference arrég) are:
the interferometer is phase modulated (EOM), whereas the test arm inter-
sects a chopped atomic beam (AB). The differential mode signal (balanced )
output) of the interferometer provides the information about optical phaséTt = &or1 (—I3) tm € (prteatyitem)
shifts and absorption. M1, M3: beam splitter, LO: local oscillator. A piezo- i i M sin
electric transducer (PZT) is used for optical phase correction €r = Eoty tg € W2tV g NP sinow), 3)
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the input to outputs 1 and 2 via the reference arm, respec-
tively. Finally, | means the optical power injected into the in-
terferometer. 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” (sim\g_ + ¢m] = 0) or at

a “half fringe” (cos[AgL + ¢m] = 0).

14 In order to simplify the expression, we first discuss the
physical meaning of the microwave phaggsand ¢,. The
corresponding terms within the sum over the Bessel functions

14 have the form
8N M1 EOM asin(m2t) + bsin(m2t +[L, — L1] £2/¢)
- 12 — =dsin(mt+ )
"
for certaind and vy’ depending ora, b, and[L,— L4] £2/c.
It can be shown, that a variation &f, — L; will changey’
Lo and hence introduce a phase shift of the modulation signal

Fig. 2. Theory of operation of the novel spectroscopic method. The probavith respect to the phase of the local oscillator. In addition,

field &n enters the interferometer at the strongly unbalanced beam splittethe amplituded of the signal will vary sinusoidally with
M1. An electro-optic phase modulator (EOM) is placed within the reference; ; : _
arm of the interferometer. A chopped atomic beam (AB) intersects the tei)2 L; and may even vanish for certain parameters. There

arm. Both paths are recombined at the balanced beam splitter M3. The sitore, both of the “signal paths” which are formed by the
nal from both of the photodiodes at the outputs are subtracted to iyield Output beam splitter, by each of the photodetectors and by
@i, yi: optical phase shifts;: amplitude reflectivity coefficients. For details the subtracter, may be interpreted in terms of a microwave
see text interferometer (see Fig. 2). However, there is no square-law
detector following the “output beam splitter” (the subtracter),
Here,pi =i x w/c fori e {1, 2, a, b} andy; = L x w/cfor SO there is no complete analogy to a standard interferom-
i € {1, 2) mean optical phases, whergas= 2t + (Ip + Li) x eter. Ngverpheless, we may qoncludle two important results
@/cfori e {1, 2} describe microwave phases. The differen-from this discussion. First, dnfferenual mode variations of
tial mode signal — derived from the two photodetectors can the photodetector positions will change the phase and am-
be written ad ~ := |; — g I, whereg accounts for a possible plitude of the signal at the modulation frequency and its
difference in the sensitivity of the detectors. Expanding thd'@'monics and therefore will only introducelative noise

signal into Bessel functions of the first kindn = Jn(Mp),  t© the signal. This means, that any variation Iof — L1
we find: will not affect the “locking points” siftgm + A¢) =0 and

cos(¢m + AL ) = 0 of the interferometer. Second, we notice

B 2l o o - that for modulation frequencies in the MHz regime the phase
I~ = |O|:tm [F2—gt]+[Fr)*—g{r)?] differencep, — ¢1 = (L, — L1)£2/c can usually be kept small
and variations of , — L1 due to seismic and acoustic interfer-
— 2t COS(pm+ Agy) [ %k +gT%] Jo ence will give rise to relative signal noise in the ppm to ppb
— Aty COS(pm + ApL) range only. For sake of simplicity, we therefore will assume
o ¢2 = ¢1 = 2t in the following.
% Z Jon | 72 cos(2n@y) + g%k cos(2ndy)} We continue the discussion by asking for the optimum
o choice of the beam splitter reflectivities. From (4) it follows,

that maximum signal at the modulation frequency and its har-
monics is achieved, if

J F2k sin[(2n+ 1)@ _ o
X; 2”“{ e sinf( )Pl lo Jm(Mp) [r2K+gt2K]=IoJm(Mp)Zrlrg,/l—rf,/l—(g

becomes maximum, where balanced photodetectpes X)
(4) have been assumed. Usually, the experimental situation im-
plies some convenient test field powlgr in the interaction

— 4ty sin(gm+ AgL)

+gft?%k sin[(2n+ 1)<p2]ﬂ ,

where zone, which defines the input beam splitter reflectivity for
a given probe laser powés: 12 = 1z /1o. Expression (6) will
ApL = (p1+ @a) — (924 ¢b) (5) be maximum for a balanced beam splitter at the output of the

interferometer 3 = 1/2. Using these reflectivities, the signal
is the optical phase difference between the arms of the emptgtrength” (6) may be rewritten as
interferometer, and =r1r3 and{ =rqt3 describe the am-
plitude transmission coefficients for the transfer of the probeg J.,(Mp) [FZK + gfzk] ~ \/E x 1/ J&(Mp) g @)
field from the input to outputs 1 and 2 via the test arm, respec-
tively. Similarly, fx = t; t3 andfk =t;r3 give the amplitude in the limit of I,z <« lo. As in FMS, this clearly demonstrates
transmission coefficients for a transfer of the probe field fronthat the signal arises from the beat of the optical field of the
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test arm and certain phase modulation sidebands of the refeat. [16]. From the equation above it is clear, that especially
ence arm. Hence, in order to achieve a good signal-to-noider a strongly unbalancehput beam splitter an imbalance
ratio, a strong probk) > 1z, an unbalanced input beam split- of the output beam splitter will introduce a large offset to the
terr? <« 1 and a balanced output beam splittee= 1/2 have  signal. For this reason, it is much more convenient to extract
to be used. the phase shift information from the signal at the second har-
In a real experiment the output beam splitte? £  monic of the modulation frequency, while the loss now can be
1/2+§R) and the photodetectorgy & 1+ 8g) are never determined from the contribution at the modulation frequency
exactly balanced but their unbalance can be kept smaitself.
(184l, I8R| « 1). Although it is not essential, we will further Comparing the two modes of operation, we find that they
assume for sake of simplicity, that the absorption-inducetboth provide the information about the optical phase shift
loss introduced to the test field is small. Consequentlywithout offsets, if detected properly. Further, the transmit-
tm = exp(—am/2) ~ 1—am/2, wherex, describes the rela- ted amplitude of the test field is measured rather than the
tive absorption of the test field power. Further, for smallabsorbed. Please also note, that for both operational modes
phase shiftgy <« 1, sine and cosine expressions of (4) carthere is no cross-talking between the phase and the absorp-
be expanded with respect to this quantity. Then, two modeigon signal to first order. If the interferometer is operated as
of operation may be distinguished, which will be discussedn active null instrument for phase shift detection so that
in the following: operation at a “dark fringe”, siip. =0, sin(Ag_ +¢m) =0 or coSA¢L + ¢m) = 0 for operation at
and operation at a “half fringe”, casp. = 0. Please note a “dark fringe” or at a “half fringe”, respectively, cross-
that for unbalanced beam splitters the “dark port” will nottalking is avoided even for large phase shifts and for large
really be dark. absorption, as can be seen from (4). Additionally, imbalance
For operation at a “dark fringe” we find the following con- of the output beam splitter or of the photodetectors do not
tributions to the signal at dc, at the modulation frequeficy introduce any offsets to the phase shift measurement, if the
and at its second harmonic2 phase shift information is not obtained from the dc contribu-
59 tion to the signal. Hence, the interferometer may be locked
-~ _x o9 exactly at the operating point as desired, which is essential
'oc lox [ZJO(MP) ity (1 2 + 2) for avoiding cross-talking effects. Finally, only operation at
1 a “dark fringe” allows us to use a single HF demodulation
+-6g—4 <rf — —> SR} , scheme, so that this operational mode appears to be the most
2 simple one.
|§ ~ —4lg x Jl(Mp) rltlgom x sing2t y

1 1 . . .
l5n & —4lgx L(Mp) ity (1— > a+ 589> X COS X2t . 3 Signal-to-noise analysis

(8) In this section an analysis of the most important technical
Based h . introduced ab he sianal hnoise sources and a discussion of the signal-to-noise ratio is
ased on the assumptions introduced above, the signal Ng.sented. This analysis provides useful information about

been expanded with respectdg, ¢m, 89, andsRwhere sec- g gntimum phase modulation index and the geometry of the
ond and higher order terms have been neglected. As can prﬂerfre)rometee. g y

seen, the term oscillating at the modulation frequency pro- - e most important sources for signal noise are laser
vides information about the phase shiff of the optical test ., yer noise, laser frequency noise, and mechanical noise of
field, whereas deviations from perfect balance of the beam,q jnterferometer which is introduced by seismic and acous-
splitter and of the photodetectors do not contribute to firsfi. oise of the environment. We will only give a rough es-

order [19]. Both, the dc signal and the contribution2a®  imation about shot noise, since the sensitivity of the present
provide the information about the absorption, which may besetup is well above this fundamental limit.

offset by the unbalance of the output beam splitter and of the |, 5, experiment, the laser powky will be affected by
photodetectors. Utilizing the contribution at the second harr-1 ise. Hence. one n;ay Writle = Iy (14i(t)), wherei(t) is
monic offers some advantages since the signal is less affect%ge rélative p,ower noise (RIN) 0? the Iase’r ahddenotes
by unbalance and by/¥ electronic noise than the dc contri- ' .
bution. However, this requires additional HF electronics. the mean power averageq over a certa|'n mea§urement n-
For the second mode of operation, for operation at a“hal’feTr/\éal_T' Defining the Fourier transform oft) by it(f) =
fringe”, we similarly find the following expressions for the J-T/21 () €xp(i2r ft) dt, the single-sided power spectral dens-
contributions to the signal: ity of the relative intensity noise is given by [20]

I56~on[Zrltldo(Mp)gom—%ag+4 (rf_;m] Slim)(h=_lim = ir(hxiz(h. (10)

1 1 The signal noise arising from RIN then is given by
lo ~—4lgx h(Mp)rity <1— 5o¢+ E89) x Sin$2t,

I A~ 4lo x J2(Mp)ritipm x cos 22t. 817(t) = lo(t) x i(t) { Apc+ Z Con €OS[2n 277 ft]
9) - n=1
As far as the dc part of the signal is concerned, this mode +ZC2n+l sin[(2n+1) Zﬂfmt]} , (11)

of operation is comparable to the setup used by Schmidt et n=0
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where Apc and C,, are defined according to (4) anigh = 1 J24 2 ;
£2/(2x) is the modulation frequency. Now, the Fourier trans-#rms, min 2fm = 7 X . 2 3 x VUM (fm) x VAT,
form &1 —1(f) of 81 ~(t) has to be calculated. Next, in analogy 2

to (10), the power spectral density of the signal noise due to
RIN may be obtained from the Fourier transform. We find:

(19)

where again high-frequency RINf & 2fy,) has been neg-
- ~ (2 2a i lected. From (15), (17), and (19) it follows that shot-noise-
S {8| (t)} (H~1gx { | Aocl” SO} (D limited phase-shift detection is achievable if the modulation
1 ) ) . frequency is large enough, so that RINfatand its harmon-
+3 > ICl {5@ i} (nfn— )+ SO} (N + f)}} - ics may be neglected when compared to shot noise. However,
n=1 as can be seen from (14), (16), and (18), the loss detection al-
(12)  ways contains RIN from dc, where shot-noise-limited power
) ] stability usually can not be achieved for technical reasons.
It has been assumed that the RIN from different Fourier com-  The noise analysis clearly shows that the optimum mod-
ponents is not correlated, so that on the r.h.s. of (10) all termgjation index depends on the spectral properties of the RIN.
except those taken at identical frequency cancel. From thehe |aser system [21] used for the experimental investiga-
power spectral density the rms noise signal for a given intetions on the novel spectroscopic method exhibits a roughly
grationtime, i.e. for a certain detection bandwidtffi, canbe  \yhite RIN for Fourier frequencies up ®MHz. This is about

calculated: twice the modulation frequencyf = 1.8 MHz) that has
been applied, so that as a good approxima8efi(t)} (0) =
lms,min:= v AT x /S {81~ ®}. (13) S {iM}(fm) =S {iM)} (2fm) may be assumed. Based on

this simplification, the optimum choice for the phase modu-

This rms noise signal reveals the rms signal, which can bition index can be evaluated. This is shown for both modes
recorded with unity signal-to-noise ratio. Hence, it deterOf operation, thatis for operation at a “dark fringe” in Fig. 3a
mines the minimum detectable phase shift and loss signal arhd for operation at a “half fringe” in Fig. 3b. In these figures
thus defines the sensitivity limit. Combining (8), (9) and (13),the minimum detectable 108&ms, minand phase shittrms, min

the sensitivity for phase shift and loss detection can be calcirormalized to,/S, {i(t)} x A are given for detection at dc,

lated. For operation at a “dark fringe” (8), we find at fm and at Zp,. _ _ .
For operation at a “dark fringe” (Fig. 3a), the optimum

Orms, min, DC= phase modulation index slp ~ 2.3, if phase shift and loss

. A
2x\/sj{u<t>}(o>+2(J—§> S} Q2fm) x /AT, (14)

| Jb\? :
Yrms, min fm = 1+(J—:> X,/S){I(t)}(fm)X\/Af, (15)

Orms, min 2fn, =

%

) J2 )
\/S){l(t)}(ow ; 1S {i)} 2fm) x /AT (16)
2

Since RIN will decrease at high frequencies, only noise con-
tributions from RIN at dcfm, and 2f, are considered. Please __ 10
note, that at dc the minimum detectable loss is twice as largg
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 fields
power. For operation at a “half fringe” the calculation yields _ 1

x S} (fm) x /AT,  (17) °

Fig. 3a,b.Optimum phase-modulation index for operation at a “dark fringe”
Qrms, min fm = (a) and at a “half fringe” b). Minimum detectable loss and phase shift are
2 shown vs. phase modulation ind&. Loss and phase shift are normalized
. 3 . to /S {i()} (0) x Af. Loss and phase-shift detection are showrsatid
\/SJ im0+ <1+ ?) SJ {iv} 2fm) x VA f, (18) anddashed linesrespectively. Detection at dc and ac are givetthin and

1 thick lines respectively

rms, min

V]
N

®rms, min, DC= \/E X
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are detected at ac. However, the most simple way of op- Finally we will give a rough estimation about the signif-
eration from the electronics point of view is achieved withicance of quantum noise, as far as is related to the optical
loss detection at dc. Then, the optimum phase modulation irfields (shot noise). A rigorous shot-noise analysis requires
dex isM, ~ 1.5. This setup was chosen for the experimenta quantum mechanical treatment of the interferometer, of the
For a much larger modulation index, the loss sensitivity iselectro-optic phase modulator and of the balanced detector.
strongly reduced or even vanishedit = 2.4. At this modu-  To our knowledge, a shot-noise analysis of a compound sys-
lation depth, the carrier field within the reference arm is suptem like the one discussed here has not been done so far. For
pressed, as follows from the zero of the Bessel funciipn example, Caves [22] has presented a shot-noise analysis that
For operation at a “half fringe” (Fig. 3b), optimum phase may be applied to Mach—Zehnder interferometers. However,
shift and loss sensitivity are achieved at different phase modhis analysis is based on the condition that none of the fields
ulation indices. As a compromise, a modulation index ofis modulated and that both of the beam splitters are balanced.
Mp =~ 3 is adequate, where the phase shift sensitivity overHence, it does not meet our requirements. The latter argument
comes the sensitivity for operation at a “dark fringe” by a fac-also applies to the discussion about non-stationary shot noise
tor of 2 and the loss sensitivity is worse by a factor(d. given by Niebauer et al. [23]. Further, these authors did not
Finally it should be emphasized that for the laser systengonsider balanced detection of the signal, so that their dis-
and the modulation frequency used here, the minimum desussion as well does not match our situation. Therefore, we
tectable relative loss and phase shift will be limited by thewill simply assume that the order of magnitude of signal shot
RIN at dc and roughly be given by its magnitude. If lasersnoise is given by the shot noise of the weak test field, if it was
were used featuring shot-noise-limited power stability at thedirectly detected with an ideal photodetector. This assump-
modulation frequency or if the modulation frequency wastion seems reasonable as can be seen from the discussion of
sufficiently increased, then shot-noise-limited phase-shift deshot noise in homodyne and heterodyne detection [24]. The
tection would be achievable. RIN due to shot noise of the weak test field is determined
A measurement of the optical phase shift always yieldby [20]
¢ = ApL +¢m. Hence, it can not be decided whether the
phase shift is introduced by the medium or by a variation§, {i (1)} (f) = 25—,
of Ag_. According to (5), phase-shift noise will be intro- ri Po
duced by residual laser-frequency noise and by mechanic@here P, is the laser power at the input beam splitter. The
nO!Se of the |nterfer0mete-r. As for the analySlS.Of.laser-pOWEfactor of 2 enters from the fact tha) {| (t)} (f) is a Sing|e-
noise, this rms phase shift error measured within the dete%'ided power Spectra| density_ In our experimentS, the power
tion bandwidthA f will define the minimum phase shift due in the interaction volume is abouj% Py~ 20 uW_ At a wave-
to the medium, which can be detected with unity signal-to1ength ofx = 423 nmthis results in a RIN OS}/Z i) (H~

noise ratio. From (5) it follows, that this sensitivity limit is 5, 77 /+/Hz, which is less than our current (technical)
given by RIN at the corresponding Fourier frequencies by a factor of
about 50. Hence, we conclude that our sensitivity is not yet
shot-noise-limited.

(21)

ALo\?
Qorzms, min = { <?O> X S){&U(t)} (H

wo 4 Experimental realization

2
+(22) xs6@n (t)}(f)} xAf,  (20)
¢ Finally, a description of the experimental setup and an ex-
perimental determination of the sensitivity achieved so far
whereALg + §(AL)() =[(1+1a — (2+1p)] (t) according are given. To demonstrate the potential of the novel method,
to Fig. 2 andw(t) = wp + dw(t) denotes the instantaneous the spectroscopic investigation of the Ca-resonance transition
laser frequency. From the equation above it follows, that noisds® 'S — 4s4p *P; at423 nmis presented.

contribution from laser-frequency noise can be suppressed, The interferometer is operated completely in an UHV
if a white-light interferometer AL, = 0) is used, a condi- (< 10~7 mbaj environment. The vacuum chamber is mech-
tion well known from interferometry. The second term of anically decoupled from the interferometer, which is con-
(20) introduces noise arising from differential mode geometrynected to the optical table by an intra-vacuum 2-stage mount.
fluctuations of the interferometer. For a Mach—Zehnder interThis consists of three legs, carrying an intermediate mass
ferometer, this contribution can be kept small even for low(~ 35 kg), which is mechanically decoupled from the legs via
Fourier frequencies, since for proper mechanical constructioa number of self-made rubber cylinders qualified for UHV
differential mode drifts can be avoided to some extent. Neveperation. The interferometer itse 30 kg is placed upon
ertheless, the phase-shift sensitivity will always be limitedthe intermediate mass with a set of rubber cylinders between
by the passive stability of the interferometer. Therefore, goothem. The components of the interferometer are intercon-
seismic and acoustic isolation of the setup from the environrected by three rods made of Zerodur in order to reduce
ment is essential. In general, high sensitivity will only bethermal drifts of the apparatus. The vacuum chamber also in-
accessible if phase shift (and loss) detection is shifted froraludes a Ca oven used to produce an atomic beam, which can
dc to higher frequencies (kHz), where seismic and acoustibe chopped mechanically at frequencies ug@ tdiz, where
interference can reduced by passive isolation, so that it caft = 1.77 kHzis the value usually chosen.

be neglected when compared to laser noise. For example, this We use an intra-vacuum polarizer (extinction10~’

can be realized by chopping the sample which is an atominominal) before the input beam splitter of the interferome-
beam in our case. ter. 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 un- 10’ ———

is aboutPy ~ 140puW. The EOM is driven at a frequency of M%WNWWMM
fm = 1.8 MHz with a phase modulation index ™M ~ 1.

The interferometer is operated as an active null instrus N %NWWWMWWW
ment. Therefore, we lock the interferometer to a “dark? . ..B ‘ e
fringe”. The error-signal is derived from the balanced in- 1000
terferometer output and is demodulatedfat After some Fourier-frequency f [Hz]
filtering and amplification, the signal is applied to a piezo-Fig. 4. Sensitivity for phase-shift detection. The square root of the power
electric-transducer (PZT, Fig. 1) in order to compensate fogpectral density of the phase-shift noise is shown. (A) phase noise of
low-frequency phase noise and drifts. The high-frequenc e interferometer measured with a free-running laser. The phase mod-

. . . . . lation index is M = 1.57. (B) detector electronic noise. Phase noise
part Of,the signal 'IS apphgd to the EOM. Th's_ way we aChIeVQesulting from high-frequency RIN and from laser-frequency noise is
a locking bandwidth (unity gain) 050 kHz with the cross- ~ 6.5x 106 rad/+/Hz and~ 1.2 x 1075 rad/+/Hz at f ~ 1.7 kHz, respec-
over between PZT- and EOM loop at Fourier frequenciegvely. (C) low-frequency RIN [a.u.], which does not limit the phase-noise
gain against EOM gain. We have enSL.JrEd thaF the gain dthanical intgrfereﬁce of the turbo-pumps an?of the natomic beam chopper,
the EOM loop exceedd0 dB (50 dB typically) within the  respectively
frequency band o200Hzto 2kHz 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 highexceed:s,’;/2 {8w(t)} (f) = 7.5 kHz/+~/Hzat f = 1.7 kHz and
impedance probe, filtered by an 8th-order bandpass and thean be estimated to be close2®kHz/+/Hz [21, 25]. Follow-
detected with a dual-phase lock-in amplifier. By detecting théng (20) this introduces a phase nois@i2 {om®)} (1.7 kH2)
servo-signal for the EOM, calibration of the phase shift sig-= 1.2 x 10~ rad/~/Hz for an interferometric arm length dif-
nal is most simple since the half-wave voltage of the EOMference of ALg = 13 cm. Since the background noise is
is known. Further, this calibration does not depend on experalmost white we may assume, that acoustic and seismic noise
mental conditions, for example on the probe field power. Fodirectly interfering with the interferometer do not contribute
the sake of experimental simplicity, the absorption signal igo it significantly. Provided RIN and laser-frequency noise are
derived from the dc part of the balanced interferometer outuncorrelated (which strictly speaking will not be the case),
put and not from the signal atfg. After some amplification both noise sources would add up to a phase-shift sensitiv-
and filtering with an 8th-order bandpass, the loss signal igy of §P/2 {em(®)} (1.7kH2) = 1.4 x 10~%rad/~/Hz, which
detected with a dual-phase lock-in amplifier as well. is 1.9dB more than the sensitivity limit determined exper-

For an experimental determination of the current phasementally. This small discrepancy can be attributed to the
shift sensitivity, the setup was operated as described aboumcertainty in knowledge of the laser frequency noise and
but with the phase-shift lock-in amplifier replaced by a specthe EOM half-wave voltage. Hence, we conclude that for
trum analyzer. The oven was not heated but the atomithe measurement presented here, the phase-shift sensitivity is
beam chopper was driven dt= 146 Hz which would re- limited by residual laser-frequency noise.
sult in a chopping frequency ofc = 1752Hz The laser To underpin this conclusion, the low-frequency RIN is
was free-running for this measurement. The power speshown as curve C in Fig. 4. From Sect. 3 we know, that RIN
tral density of the phase noise is shown in Fig. 4. A num-at low Fourier frequencies does not contribute to the phase-
ber of resonances can be identified, which are due tehift signal noise. Nevertheless, it can be seen that the phase
interference of mechanical noise arising from the turbonoise spectrum shows the same resonances as does the RIN
pumps &, = n x 750 H2 and from the atomic beam chopper spectrum at Fourier frequencies ab®&/® kHz. This can be
(bn = n x 146 H2. The background noise is almost white andexplained as follows: The optical power is provided by a sin-
is close toS'lp/2 {em(®)} () ~ 1.1 x 10 °rad/+/Hz, determin-  gle resonant external cavity frequency-doubling unit, which
ing the current phase-shift sensitivity. At frequencies abovés stabilized in frequency to a free-running diode laser sys-
f ~ 1.2kHz the noise at the harmonics of the mechanicatem. The unity gain frequency of the corresponding servo-
rotation frequency of the atomic beam chopper is negligitfoop is abou® kHz, so that at Fourier frequencies well below
ble. Therefore, a chopping frequency of abdgt 1770Hz 6 kHz the cavity can “follow” the frequency excursions of
usually is chosen. the diode laser. Therefore, resonances of the frequency noise

We next discuss the current limitations for the phase-shifspectrum at Fourier frequencies up to a fiez do not ap-
sensitivity. Following [21, 25], the high-frequency RIN of the pear within the power noise spectrum of the laser. However, at
laseris close t(ﬁi/z {i(H)} (1.8 MHz) =5.0x 106 /\/Hz. Ac-  Fourier frequencies comparable with or greater tivahkHz,
cording to (15), this will give rise to a phase noise ofthese frequency-noise resonances will be recovered within
§P/2 {em(®)} (1.7kH2)~ 6.5x 10 8rad/~/Hz for a phase the power noise spectrum. In conclusion this explains why
modulation index ofM = 1.57. This is4.6 dB less than the the resonances within the phase noise spectrum coincide with
sensitivity limit achieved experimentally. The power spec-thelow-frequencyesonances of the power noise spectrum at
tral density of the frequency noise of the free-running laseFourier frequencies above a fdiviz, and why they do not at

coated substrate provides the realization of highly unbalanced —al

tunable input beam splitters. So far, an effective splitting of— b8 A C

1:7 has been employed, where the loss due to the phase mog: 10 |b4 b E)

ulator has been taken into account. The laser power withinkt ' L'J | j S,

the test arm usually is taken to b Py~ 20uW, whereas E u‘w | | m §

the power of the reference field at the output beam splittei= 10° e M P =
o

{60}

P
=
o

10000
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phase shift data anll = 3.451(23) x 108cm2, y/(2n) =
22.41(21) MHz, and Av = 326(75) kHz from the absorption
data. For these parameters, only statistical errors (one stan-
dard deviation) are given. Herg/(2r) denotes the FWHM-
linewidth andAv 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

¢, [mrad]

1 n 1 n 1

80 -40 0 0 80 measurement AN/N = 0.18, Ay/y = 0.076) should be
AV [MHZ] pointed out. Nevertheless, the differences exceed the statis-

tical errors given above. The difference between the atomic
densities is attributed to inaccurate calibration of phase shift

15 | 1 and absorption data. A calibration error enters into the phase-
(b) ] shift detection, if the EOM half-wave voltage is not precisely
known @%). For the calibration of the absorption data we es-

10 1 timate a slightly larger uncertainty, as a number of parameters

and their experimental uncertainties enteé3p). We estimate

the phase-modulation index to be the parameter introducing

5r 1 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

a[109

i . . L TR the fitted linewidth data to technical problems in maintaining
-80 -40 0 40 80 a constant phase modulation index during a single scan. Work
Av [MHZ] is in progress to resolve this problem.
Fig. 5a,b. Ca resonance transitions# 1S — 4s4p 1Py, Am= 0. a shows Although the origin of some systematic effects has not yet

the optical phase shifty shows the natural logarithm of the relative trans- been fully resolved, the correspondence between theoretical
.mtissmrt‘.o‘o x Lr:ZEhWTr:eo‘f insﬂth‘; abrﬁoirp“"” gofffctiﬁm n?”dz ?i"rﬁsr:[‘elm and experimental data clearly demonstrates, that this novel
g‘cggiclg):gtﬁlei ~ 1mnE: %to%icegensi?yfjl\sli 4(>)< 1086cm*e3a.lsltj1tggrztio.n er.nethOd prOVId.eS.QOOd slgnal-tp-n0|se ratio even at low op-
time: 1s Zero frequency detuning corresponds to the nominal resonanctical powers within the interaction zone. It also proves that
frequency. Thesolid linesdepict a fit of a theoretical two-level spectrum. cross-talking between the phase shift and absorption signal is
The fitted parameters are given within the text avoided. Therefore, this method is well suited especially for
those applications of precision spectroscopy, where accurate
knowledge of absorption and index of refractjmofilesis of
frequencies below. We also conclude that it is consistent to athajor interest.
tribute 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 spectro5 Conclusion
scopic investigation of th€aresonance transitiors? 1S —
4s4p P, Am=0, at423 nm For this experiment two lasers In this paper we have presented a novel spectroscopic method
based on external-cavity SHG (second-harmonic generatiomhich is based on a phase-modulated interferometer. We have
are used, the first of which is locked to the transition. Thisshown that this novel setup is well suited especially for ex-
servo-loop utilizes a FMS setup based orCa heatpipe. periments on novel optical media for which the simultaneous
A fraction of the first laser’s fundamental power is shifted inand high-precision measurement of absorption and index of
frequency by200 MHz and then is used as an optical local refractionprofilesis most important.
oscillator for phase locking of the second laser system. Ap- A comparison with competing methods of interferome-
plying a tunable microwave oscillator and a mixer, the secontty and FMS has revealed that only the novel method can
laser can be tuned in frequency with respect to the first lasesimultaneously fulfill the essential requirements related to the
This second laser is used for measuring the optical spectratudy of novel optical media. In principle, shot-noise-limited
The result of this experiment is shown in Fig. 5, where thesensitivity can be achieved for optical phase-shift detection
optical phase shift and the negative natural logarithm of théindex of refraction measurement). Optical reference fields
transmissiond = ag L z) are given. For this measurement thebypass the interaction zone avoiding a modification of the
power in the test arm of the interferometer v&3&.W cor-  medium by the reference fields and vice versa. Cross-talking
responding to an intensity &4 mW/mn?, which is about between the absorption and the index of refraction signal is
1/3 of the saturation intensity [27]. The integration time wasavoided and a linear response is ensured even for large phase
1s The solid lines in Fig. 5 correspond to the theoreticalshifts (x x), provided that the interferometer is operated as an
spectrum of a two-level atom [4] fitted to the experimentalactive null instrument. Implementing a strongly unbalanced
data. For an interaction length @fiz = 1 mm the follow-  input beam splitter, a strong reference field (optical LO) can
ing parameters are obtainett = 4.190089) x 1(Bcm~3,  be used to achieve a good signal-to-noise ratio even at low
y/(2m) = 24.252(85) MHz, andAv = 327(26) kHzfromthe  probe powers in the sample volume.



The theory of operation for the phase-modulated inter-
ferometer has been presented. Following this analysis we
found that the absorption and the index of refraction (opti-
cal phase shift) can both be extracted from the differential ™
mode output of the interferometer by demodulating the signal 4.
at the modulation frequency and its harmonics. Two useful
modes of operation can be distinguished if the interferome- >
ter 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 phase-
modulation index for both modes of operation. This signal- 7.
to-noise analysis has taken into account the most important
sources of signal noise, that is laser power and laser fre-
quency noise. The phase-shift sensitivity determined experi-
mentally (.1 x 10-°rad/+/Hz at a probe power of 20 uW) 9.

was found to be in good agreement with the value calcu-10. :
1. N.C. Wong, J.L. Hall: J. Opt. Soc. Am. B 1527 (1985); J.A. Silver:

lated: it has been pointed out, that although laser-frequency
noise is currently limiting the phase-shift sensitivity, shot- ;
noise-limited sensitivity should be achievable experimentally.
Further, it has been shown that absorption sensitivity will al-

ways be limited by low-frequency (“dc”) laser-power noise 13-

(2x 1075 /v/Hz).

Finally, an experimental investigation of the’4'S —
4s4p P, Caresonance transition &23 nmhas been dis-
cussed to underline the powerful potential of the novel

method. The experimental result impressively demonstrate$>- ; .
16. O. Schmidt, R. Wynands, Z. Hussein, D. Meschede: Phys. R&3, A

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 mod-
ulation 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, 19-
a shot-noise analysis of the phase-modulated interferometer
will be necessary.
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