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Observation of the stochastic realization shift in the weak-field limit
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The amplitude-phase coupling of a stochastically varying field has been predicted to lead to a shift of
the effective resonance frequency when this field interacts with a two-level system. Experimentally, we
have generated such a field by passing a semiconductor laser beam through a Michelson interferometer,
thereby converting part of the intrinsic phase flucutations into amplitude fluctuations. We find indeed a
shifted resonance frequency when this beam interacts with the Rb D, transition. Depending on the
path-length difference of the interferometer, shifts of more than 10 MHz have been measured. The ex-
periments have been performed in the weak-field limit. This allows a convolution-type interpretation of

the stochastic realization shift.

PACS number(s): 42.50.Ar, 42.25.Hz, 32.30.—r, 07.65.—b

I. INTRODUCTION

As pointed out by Camparo and Lambropoulos [1], the
interaction of a two-level system with a quasimono-
chromatic field with a stochastically varying amplitude
and phase is more complicated than the interaction with
a truly monochromatic field (i.e., a field with a constant
frequency and amplitude). Notably, the effective reso-
nance frequency, defined as the frequency that maximizes
the excitation of the two-level system, can be shifted with
respect to that observed with a monochromatic field.
This so-called stochastic realization shift occurs when the
amplitude and phase fluctuations of the driving field are
not independent, but correlated.

Amplitude-phase coupling intrinsically occurs in a
semiconductor laser. This makes it natural, as pointed
out by Camparo and Lambropoulos [1], to look for
consequences of the stochastic realization shift in spec-
troscopy with semiconductor lasers. In a subsequent pa-
per we have worked out this point [2]. We stressed a
convolution-type interpretation of the stochastic realiza-
tion shift: amplitude-phase coupling leads to asymmetry
of the semiconductor laser spectrum and thus to a shift
when this spectrum is convoluted with the symmetric ab-
sorption spectrum of a two-level atom. The asymmetry
of the laser spectrum was shown to be most prominent at
the relaxation oscillation sidebands, which occur at a few
GHz [3,4].

Recently, it has been pointed out by Camparo and
Klimcak that a convolution-type interpretation only ap-
plies in the weak-field limit [S]. This limit is defined as
Qg << T !, where Qp is the Rabbi frequency and T;!is
the dephasing rate of the atomic system. In the strong-
field limit (Q >>T; ') the shift should be viewed as the
consequence of an asymmetric dynamical response of the
atoms due to amplitude-phase coupling of the stochastic
fluctuations. Camparo and Klimcak provided experi-
mental confirmation of a shift, using a microwave-driven
hyperfine transition of rubidium (Rb). Both the weak-
field and the strong-field regimes were investigated.
However, in the experiment they did not use a stochasti-
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cally varying field. In fact, they modulated the 6.8-GHz
microwave field sinusoidally, in such a way that correlat-
ed harmonic variations of phase and amplitude were in-
troduced. Unfortunately, the modulation frequency was
chosen to be relatively large (v,, =271 Hz), that is, even
larger than the dephasing rate of the atomic system, es-
timated to be 120 Hz. At low power, a scan of the aver-
age microwave frequency over the atomic transition thus
leads to an absorption spectrum in which the discrete
sidebands of the microwave field are clearly resolved. At
high power, broadening smears out the more or less
discrete absorption spectrum to a continuum. This ex-
plains why, in the experiment of Camparo and Klimcak
[5], the shift disappears in the low-field limit, while for a
stochastically varying field the shift is expected to go to a
constant, nonzero value in this limit.

In the present article we report an experimental
demonstration of the resonance shift due to the correla-
tion of the phase and amplitude fluctuations of a stochast-
ically varying field interacting with an optical transition.
We use a semiconductor laser which is tuned to the Rb
D, transition near 780 nm. We do not use the intrinsic
amplitude-phase coupling, which is relatively weak and
present only on a short time scale [2]. Instead we intro-
duce an artificial coupling by passing the beam of the
semiconductor laser through a Michelson interferometer,
with two arms of unequal length. The interferometer
converts part of the natural phase variations of the input
beam, which are induced by spontaneous emission and
observable as the fundamental (Schawlow-Townes) laser
linewidth, into amplitude fluctuations of the output beam
[6,7]. Obviously, the amplitude and phase fluctuations of
the output beam are correlated. In fact, this correlation
has been recently used to suppress the small intrinsic am-
plitude fluctuations of a semiconductor laser beam [8].

II. HOW TO IMPOSE
AMPLITUDE-PHASE CORRELATIONS

When phase-diffusing light, with constant amplitude
E,, is passed through a two-beam interferometer, the out-
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put field is
E . (t)=1Ecos{2mv,(t —t)+d(t —t)}

+1Eqcos{2mv(t—1,)+ ¢t —1t,)}
=Egcos{1®,+ L[p(t—1,)—p(t —1,)]}
Xcos{2mv,(t—t,,)+¢d,,(8)} , (1a)

to =Ht+1y), $u(=1[d(t—1))+d(t—1,)],  (Ib)

where ¢, and ¢, are the travel times through the two in-
terferometer arms, v, is the laser frequency, ¢(¢) is the
diffusing phase of the input field, and ®y=2mv, (¢, —1,)
(mod27) is the interferometer phase. Equation (la)
shows that stochastic variations of the phase of the input
field lead to stochastic intensity variations in the output
field and that the interferomter imposes an amplitude-
phase correlation on the transmitted light. It is more
convenient to work with the intensity-phase correlation,
since this is more directly related to the optical spectrum,
as can be seen from Fourier-type considerations. For
phase-diffusing input light, we find

(L gue (¢ H ) +1 (")
21,

m
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where ( ) denotes (time) averaging over ¢'. I, and I,
are the input and output power of the interferometer, Av;,
is the [full width at half maximum (FWHM)] laser
linewidth of the input light, and 7=t¢, —t, is the delay
time of the interferometer. The normalized output power
of the interferometer is

< I, (¢ +e)+T1,(t")

out
21

where we have introduced the fringe visibility V(r) for
later use. Outside the range (0<t? <7) the intensity-
phase correlation function Cy4(#) has the following prop-
erties: (i) for t>7, Cpy(t)=Cpy(7); and (ii) for <O,
Cr4(t)=—C4(—1). Notice that when the interferometer
phase is tuned from constructive (®,=0) to destructive
interference (®,=m) the correlation between the phase
fluctuations and intensity fluctuations first increases
reaches a maximum at ®,=w/2, and then decreases
again. The latter decrease is mainly due to the reduction
in output power [see Eq. (3)].

By calculating (AI2, ) one can show that at small de-
lay and ®y=w/2 (or 3w/2) the relative strength of
the induced intensity fluctuations 1is given by
(AI2, ) /Iy Y2 =T/T o Where 7., is the coherence
time of the input field. For laser light with spectral width
(FWHM) Av, we have 7., =1/(27Av,;). In our experi-
ments we have typically 7/7.,=0.0-0.6 (see below).
The induced amplitude-phase correlations are similar to
the correlations that occur naturally in semiconductor
lasers as a result of the dependence of the refractive index

*wAv”T!
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on population inversion and that are usually described in
terms of the linewidth enhancement factor a [9]. Howev-
er, the induced fluctuations also occur at low frequencies
(MHz), corresponding to the laser linewidth, whereas the
intrinsic fluctuations, which are generally much smaller,
are only relevant at high frequencies (GHz), correspond-
ing to the carrier dynamics and relaxation oscillations.
Therefore, the latter fluctuations will be neglected in this
article.

III. EXPERIMENT

The semiconductor laser used in this experiment is an
Al Ga,;_,As laser operating around 780 nm (Hitachi
model HL7838G). The laser was carefully tuned to the
Rb resonance line at 780 nm, by adjusting its temperature
and current. It reached the relevant resonance at a tem-
perature of approximately 12 °C and a current of 37.3 mA
(threshold current 27.9 mA). The measured tuning
coefficients are

v v

EY; 5.6 GHz/mA , 3T
These derivatives clearly show that both the laser temper-
ature and current have to be extremely stable to accurate-
ly measure a stochastic shift, expected to be of the order
of a few MHz. The temperature was stabilized with a
home-built double feedback loop based on a
temperature-sensing resistor with a negative temperature
coefficient (NTC) and two driving Peltier elements. From
the error signal in the feedback loop one derives a tem-
perature stability of about 50 uK (on a 1-min time scale).
The laser current was supplied by a battery-driven Seas-
tar LD2000 current supply with a specified current noise
of 750 nA and a stability of 2 pA in 3-5 min. The
current supply was found to be the prime source of fre-
quency drift of the laser.

The Rb D, transition consists of four resolved com-
ponents (Fig. 1), which represent the two isotopes *Rb
(72%) and %’Rb (28%) and the two ground-state
hyperfine levels [10]. The excited-state hyperfine splitting
(typically 100 MHz) is not resolved, due to the much
larger Doppler width (520 MHz at T=20°C). It does,
however, lead to the spectral width of the four com-
ponents being slightly larger than the Doppler width,
namely 600 MHz. In the experiment we have concentrat-
ed on the transition starting from the F =3 ground state
of ¥Rb to the F'=2,3,4 excited states (see dotted vertical
line in Fig. 1). This transition is sufficiently isolated to be
treated as a single line. To avoid optical pumping, the in-
tensity of the optical beams used in the experiment is
kept sufficiently low (I <30 uW/cm?) [11]. Effects of op-
tical pumping were indeed observed for I>100 uW/
cm?. The Rb cell had a peak absorption of about 40%
over its 4-cm length.

To measure the expected shift of the resonance fre-
quency, one has to determine that frequency within a
fraction of a percent of the Doppler width. This requires
a frequency modulation technique. For stability reasons
we decided to keep the laser frequency fixed and modu-
late the transition frequency instead. For this purpose

~—30GHz/K. @)
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04 " T " " " T the spectral line in a magnetic field. However, at least for
s e small shifts, this effect is completely drowned by the
2 03 g much larger Doppler width. Experimentally, this is
5 demonstrated by the fact that, upon scanning the average
z 02 [ ¥Rb 850b pb 2b laser frequency the lock-in signal is (within 10%) propor-
o F=1 o) F=3 F=2 tional to the frequency derivative of the absorption
o1 r profile (see Fig. 1).
The exact value of the ac magnetic field is not essential
0 : = : : : T for the experiment. A rough estimate of 10 G (peak) was
< 5 f . obtained with a Hall probe, after the Rb cell was re-
[ moved. This is only a rough estimate, as the metallic
:'_; 25 r J\ j\ /\ 7 clamp holding the Rb cell will almost certainly change
g o J\ the magnetic field. From the observed frequency modula-
B \V4 tion of 20-MHz peak zero, we estimate that the magnetic
£ 25 r M 1 field with the Rb cell in place was probably about a factor
S 5 | of 3 larger.
< . . . . . X . Figure 2 shows the experimental setup. The laser beam
36 36.6 37.2 37.8

Diode current (mA)

FIG. 1. Rb spectra obtained with the experimental setup of
Fig. 2. The upper curve gives the optical power measured
behind the Rb cell and the lower curve the lock-in signal as a
function of the laser current (and thus the frequency). The Rb
D, line consists of four resolved transitions, which originate
from the F=2 and F=3 ground-state levels of ®Rb and the
F=1 and F=2 ground-state levels of *’Rb. The dotted vertical
line marks the transition that was used for the shift experi-
ments.

the Rb cell was placed between two current coils, which
generate a sinusoidally varying magnetic field. The mag-
netic field produces a splitting of the levels in magnetic
sublevels, which shift by different amounts. The various
(Amp=+1) transitions, which can be excited with the
circularly polarized beam (o), will thus be shifted; this
is the (anomalous) Zeeman effect. Below we will argue
that, although the Rb line under investigation is com-
posed of many (Amyp=+1) transitions, the modulating
magnetic field will only lead to an effective modulation of
the line center, and that broadening is negligible. The re-
sulting power variations of the transmitted beam were
recorded with a photodiode, connected to a lock-in
amplifier. This makes the lock-in signal proportional to
the derivative of the frequency-dependent optical
transmission. The zero crossing of the lock-in signal cor-
responds to resonance. Close to this zero crossing the
lock-in signal is proportional to the frequency detuning
from resonance and can be used as a measure thereof.

A complication is the fact that the g factors of the
F=3 ground-state hyperfine level and the F'=2,3,4
excited-state hyperfine levels differ (gr—3;=1, gr—,=1,
8r=3= 1> and gr.—,=1), and that the various transitions
thus shift by different amounts. This complication is hid-
den underneath the relatively large Doppler width, and
the effective shift of the spectral line under investigation
is simply the weighted average of the shifts of the indivi-
dual components. One might think that the difference
mentioned above will lead to an effective broadening of

is first passed through a 35-dB isolator (ISO) to optically
isolate the laser diode from the setup, and then split in
two. The reference beam passes through a neutral density
filter (NDF), a A/4 plate, and the Rb cell, before its in-
tensity is detected with a photodiode. The signal beam
first passes through an off-axis Michelson interferometer,
which imposes a certain amount of amplitude-phase cou-
pling. The signal beam then also passes through a NDF,
a A/4 plate, and the Rb cell, to be detected on a different
photodiode. The path-length difference of the arms of
the interferometer can be coarse adjusted by moving one
of the corner cubes on an optical rail and fine adjusted
with a piezoelectric element attached to the other corner
cube. The signal and reference beam are parallel, but
overlap nowhere. Their powers are adjusted with indivi-
dual neutral density filters to be 0.3 uW in front of the Rb
cell in a beam of 1.5-mm diameter. The two detecting
photodiodes are connected to two different lock-ins
which thus record the intensity variations of the
transmitted signal and reference beam.

First the stability of the laser and the performance of
the setup were checked. This was done by blocking one
path of the interferometer, making the beams equally in-
tense, tuning the laser frequency roughly to optimum ab-
sorption, that is to the zero crossing on the lock-ins and
monitoring the signal as a function of time. The result is
shown in Fig. 3. For clarity, both lock-in readings have
been shifted downwards by different amounts. The mea-
sured variations are almost completely due to frequency
drift of the laser; far off resonance, hardly any variations
are observed. The lock-in readings can be easily convert-
ed into a frequency scale (see right-hand axis of Fig. 3) by
using the measured sensitivity OV, —i,/3v;=50
uV/MHz for calibration. The frequency drift of the laser
is thus found to be at most 4 MHz in a second and 10
MHz in a minute, apparently determined by the stability
of the current source. The upper curve in Fig. 3 was ob-
tained by subtracting the two lock-in signals. The varia-
tions in this curve are quite small, showing that to first
order the two beams and two detection systems behave
identically. The rms voltage fluctuation in the difference
signal is only 20 uV, indicating that a stochastic realiza-
tion shift as small as 0.4 MHz should be observable.

In the actual experiment both arms of the interferome-
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ter contribute to the signal beam. At constructive in-
terference and short delay this beam is made equally
strong as the reference beam. The interferometer is
coarse adjusted to a certain time delay 7=2AL /c, where
AL is the length difference between the two arms. This
length difference is then scanned over a few wavelengths
with a computer-controlled piezoelectric element. As a
consequence, the optical power of the signal beam exiting
the interferometer changes dramatically from construc-
tive interference (®,=0) to destructive interference
(®y=m) and so on. During this scan, which took 1-2
min, we monitored the power of the signal beam and the
readings of the two lock-ins. We experimentally deduced
the interferometer phase @, from the measured power of
the signal beam [see Eq. (3)], in order to be less suscepti-
ble to drift of the interferometer and hysteresis of the
piezoelectric element.

The early experimental runs were troubled by a spuri-
ous signal due to mechanical vibrations in the corner
cubes induced by the oscillating magnetic field across the
Rb cell. The spurious signal was removed by vibrational
isolation of the current coils and by magnetic shielding
with a large tube of p metal positioned around the
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Corrected lock-in signal (mV)

Time (s)

FIG. 3. Dirift of the laser frequency as a function of time.
Curve 1 shows the reading of the signal lock-in. Curve 2 shows
the reading of the reference lock-in. Curve 3 denotes the
difference between curves 1 and 2.

FIG. 2. Experimental setup. NDF denotes
a neutral-density filter and ISO is an optical
isolator.

current coils and the Rb cell.

A scan of the interferometer phase leads to a change of
power in the signal beam and thus, when the laser is
(slightly) off resonance, to a change in lock-in reading
even in the absence of a stochastic realization shift. To
correct for this trivial power dependence, we multiply the
reading of the reference lock-in, which simply registers
the frequency drift of the semiconductor laser, with the
ratio of the optical power in the signal and reference
beam and subtract this result from the reading on the sig-
nal lock-in. The thus obtained corrected lock-in signal,
which will be called V. ;, throughout the rest of the pa-
per, is insensitive to frequency drift of the laser and
should be zero in the absence of a stochastic realization
shift.

Figure 4 shows the dependence of the corrected lock-in
signal Vo, on @, for three different delays: AL = —4,
4, and 20 cm. The data are well fitted by functions of the
form C(AL)sin(®,), where the amplitude C(AL) is a
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FIG. 4. The deviation from resonance, as measured with the
signal lock-in and corrected for drift of the laser frequency,
plotted as a function of the average interferometer phase ®.
This figure contains runs taken at three different delays:
AL=—44 and 20 cm.
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FIG. 5. The maximum corrected lock-in signal plotted as a
function of delay AL. This signal is a measure for the stochastic
realization shift.

measure for the predicted stochastic realization shift.
Viock-in 18 largest midway on the slopes of the interferome-
ter transmission curve (®,=m/2 and 37 /2), where phase
fluctuations induce the largest intensity fluctuations.

Measurements of the shift have been performed at
many different delays. Figure 5 summarizes these results
in the dependence of the amplitude C(AL) on the delay
AL. The main conclusions are as follows: (i) At zero de-
lay there is no shift, (ii) a change from positive to nega-
tive delay leaves the magnitude of the shift intact but
changes its sign, (iii) at small delays the shift increases
linearly with delay, and (iv) the shift reaches a maximum
at a delay of roughly 20 cm and slowly decreases at larger
delay. At a delay of 20 cm the maximum corrected
lock-in signal is Vg, =0.28 mV at ®=7/2. Combin-
ing this value with the sensitivity of 50 uV/MHz at full
power, one might think that the shift is 5.6 MHz. How-
ever, at ®,=m/2 the power in the signal beam is only
about half the power at constructive interference and one
thus finds that the stochastic realization shift in this situ-
ation actually is about 11.2 MHz.

IV. THEORY

It is possible to directly calculate the stochastic realiza-
tion shift from the intensity-phase correlation as given by
Eq. (2), but the calculation is easier in the frequency
domain. Since we consider the weak-field limit, the in-
teraction of the optical beam with the atomic system is
linear and it is possible to treat each frequency com-
ponent separately and finally integrate over the spectrum
of the driving field. The interferometer and the Rb cell
are then considered as spectral filters with transmission
functions T, (v) and T(v—wg,), respectively. The
modulation of the Rb eigenfrequency vzg induced by the
magnetic field, results in a modulation of the transmitted
intensity proportional to 8T (v—wg,)/dvy, for each fre-
quency component. Integration over the optical spec-
trum gives the overall intensity modulation and the
(corrected) lock-in signal Vg in»

© aT('V_'V )
Vlock-inoc_f dv — R Tim(V)L(V—‘VI) ,
0 a'VRb
(5a)
(v~va)2
T(v—vgy)=exp |— A4 expi{—4In2———— |, (5b)
Avke
0T (v—wgy) (v—"vny)
— =g —
VR Avg,
(’V_VRb)Z
Xexp | —4In2————— (AT (v—wg,) ,
Ava
(5¢)
Ty (v)=1+Jcos{Dy+2mr(v—y,)} , (5d)
Liv—v= |2 L (Se)
v—wv,)= ,
T 2 | (v=v 2+ (Av, /27 ¢

where 4= —In[T(v=wg,)] and Awvy, are the depth and
(FWHM) spectral width of the Rb absorption and
L(v—v;) is the normalized Lorentzian spectrum of the
input laser light.

One can calculate V), ;, by substituting the appropri-
ate expressions underneath the integral of Eq. (5a) setting
(v;=vgy,) and comparing the result with the sensitivity
OV iockein 7/9V; measured without interferometer
[T (v)=1]. The integral can be solved by expanding
the factor T(v—wgy), which appears underneath the in-
tegral when (5c) is substituted into (5a), in powers of
exp[ —41n(2)(v—vg,)?/Av%,] and evaluating each term
separately. When Avg,>>Awv,, the factor T(v—wg,) is
approximately constant over the relevant frequency range
and the first term in the expansion dominates. One then
finds

Vlock-in

1qi a
— 3sin(®Py) 3y

TAv,T
X e

Viock-in = Av,

TAVRyT

2vIn2

7TA'VRbT
2v'In2

1—erf

—mAv,T

+e 1+erf

] ) (6)

where erf is the error function. In Fig. 5 two theoretical
fits are shown: the dashed curve is based on Eq. (6),
whereas the solid curve also includes contributions due to
higher-order terms in the expression discussed above.
For both fits we used a laser linewidth of Av;=26 MHz
and an absorption Doppler width of Avy, =600 MHz. In
a separate experiment we determined Av; by measuring
the fringe visibility V(7) using the same Michelson inter-
ferometer [see Eq. (3)]. The result of that experiment
(Av;=25 MHz) was in very good agreement with the
value used for the fit of Fig. 5.

The results in Fig. 5 can be understood in terms of
spectral filtering. Three frequency widths are important:
the laser linewidth Av,, the absorption width Avg,, and
the frequency separation of the interferometer fringes



2866

Avggr =1/(277), where FSR stands for free spectral
range. Equation (6) has been derived under the assump-
tion that Av, <<Awvg,. We can now distinguish between
two situations. At small delay (Avggg > Avg,) the spec-
tral filtering due to the interferometer occurs mainly at
frequencies beyond the atomic absorption line. This
filtering is therefore hardly effective and the measured
frequency shift will be relatively small; in fact, it in-
creases linearly with delay time 7. At large delay
(Avgsg <Avgg) the spectral filtering occurs dominantly
underneath the absorption line. The shift is then almost
independent of delay and decreases slowly, only due to
the loss of coherence between light from the two arms of
the interferometer. In this limit, which is experimentally
reached for AL > 20 cm, the stochastic realization shift is
a property of the output beam of the interferometer that
is independent of the atomic system (i.e., of Avg,) and is
solely related to the amplitude-phase coupling of the sto-
chastic field.

For a very broad absorption line, which senses practi-
cally all spectral deformation produced by filtering in the
interferometer, we are practically always in the limit
(Avgp >> Avggr) so that (at v, =vgy)

oT(v—wgy)
T“—(v—-va) ) (7a)
Viockein < fowdv(v——vl)Tim(v)L(v—v,) , (7o)

fowdv(v—vl)Tim(v)L(v—v,)

Vhift — ’ (To)

fowdv Tine(V)L(v—v;)

where the denominator in Eq. (7¢) is introduced to nor-
malize the spectrum of the light exiting the interferome-
ter. One then finds

V ck-in —mAv;T
Vieckin = — ¥4V, g’vkl sin(®y)e A7, , (8a)
—mAv, T
sin(®,)e !
Avgin=— 34w, 2 —— (8b)
1+cos(®g)e !

These equations show that the maximum corrected lock-
in signal is observed at ®,==/2 and 37 /2. For a very
broad absorption line the shift is then exactly half the
laser linewidth. Larger shifts occur closer to destructive
interference (®y=~ ), mainly because the denominator in
Eq. 8(b) (equal to optical power) becomes small. For
small delay, the spectrum is then strongly deformed and
shifts of many times the laser linewidth Av, are possible.
However, the spectral deformation stretches out to large
frequencies and is only observable with an extremely
broad absorption line.

V. DISCUSSION AND CONCLUSIONS

One might say that the occurrence of the stochastic
realization shift in the weak-field limit results from the
ambiguity of the concept “the average frequency of the
stochastic field.” One definition of the average frequency
is based on “a count of the optical cycles.” If the sto-
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chastically varying field would be beaten against a mono-
chromatic field with frequency v; (as local oscillator), a
simple count of the beat frequency would give v; —v.
Using this definition it seems that passage through an in-
terferometer does not change the average frequency, be-
cause optical cycles do not get lost. Alternatively, one
can define the average frequency as the average instan-
taneous frequency, but weighted with the (instantaneous)
intensity of the stochastic field. If, due to amplitude-
phase coupling, the intensity is, e.g., preferentially large
when the instantaneous frequency is large, this weighted
average will give a value (slightly) larger than v,. The op-
tical spectrum will then be asymmetric and its center of
gravity will be shifted to a frequency slightly larger than
VI.

Via Fourier transformation it is possible to derive the
following important equation, which is valid for any (sto-
chastically varying) field:

_Iwén)2m) _ pe
AVinin ) [ dviv=vstv), )

where S (v) denotes the normalized spectrum of the driv-
ing field. Equation (9) shows that the definition of the
average frequency as a weighted average of the instan-
taneous frequency always coincides with the center of
gravity of the spectrum. A difference between this “aver-
age frequency” and the one obtained from a count of op-
tical cycles (v;) can lead to a stochastic realization shift.

It is interesting to note that the stochastic realization
shift is related to the so-called ‘“Wolf shift.” In Ref. [13]
Wolf showed that the optical spectrum emitted by an ex-
tended source which exhibits spectral correlations be-
tween different spatial regions is in general not invariant
under propagation. As an example, he calculated how
the combined spectrum emitted by two small spatially
separated sources depends on their correlation [14]. The
resulting Wolf shift has been first experimentally demon-
strated for two acoustic sources driven by correlated
noise [15]. It was also later demonstrated for two corre-
lated optical sources, created by joint illumination of two
slits with light from the two spectrally filtered halogen
lamps [16]. In our experiment, the optical beams emitted
from the two arms of the interferometer can also be inter-
preted as spectrally correlated sources, the separation
now being in the time domain instead of the space
domain. Our use of an interferometer results in a field
whose intensity-weighted average frequency is a kind of
time analog of the Wolf shift. Note, however, that in
general the intensity-weighted average frequency is not
the same thing as the stochastic realization shift; this is
only true in the weak-field limit. In strong fields, where
nonlinear effects become important, the stochastic reali-
zation shift is a more complicated quantity [17].

We have shown that the optical resonance as observed
with a nonmonochromatic driving field can be shifted
when this field has correlated amplitude and phase fluc-
tuations. In practice, this correlation will quite naturally
occur when light is transported through an optical fiber
with uncoated (and thus reflecting) facets. The magni-
tude of the shift is typically a fraction of the spectral
width of the driving field and is thus mainly important
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for high-precision experiments. It may play a role in ex-
periments where semiconductor lasers are optically
and/or electronically locked onto an optical transition to
create a frequency standard [12].

In the weak-field limit, the stochastic realization shift
is basically a result of spectral filtering. At large intensi-
ty, when the spectral absorption becomes power
broadened, the convolution-type interpretation given in
this article becomes invalid, as the system’s response be-
comes nonlinear. The effective resonance frequency will
then also depend on higher-order correlation function of
the amplitude and phase of the stochastically varying
driving field. Since the case of linear filtering as discussed

in this article is already quite complicated, this will apply
even more to the case of nonlinear filtering [1,5].
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FIG. 2. Experimental setup. NDF denotes
a neutral-density filter and ISO is an optical
isolator.



