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Pump-probe experiments are ubiquitous in atomic, molecular, and optical physics, where a strong pump field
induces some change in a quantum system that is probed by a much weaker field. Often, high intensity of
the pump field is at a premium with all other characteristics of the strong field subordinate. As a particular
example, of relevance to atomic clocks and atomic magnetometers, a strong broad-linewidth laser optically
pumps an atomic vapor, which is then probed by a much weaker narrow-linewidth laser. Though the broad-
linewidth field suffers laser phase noise (PM) to amplitude noise (AM) conversion, the narrow-linewidth probe
by itself produces a much quieter signal. Here, we consider the question of whether the noisy pump field maps its
(PM-to-AM) absorption cross-section fluctuations onto the quiet probe field’s transmission. Our results show that
PM-to-AM noise does not transfer directly: atoms interacting with the pump field are instantaneously distinct
from those interacting with the probe field. However, the broad-linewidth laser can influence the quiet field’s
transmission through the vapor due to optical pumping, resulting in fluctuations in the number density of atoms
in the absorbing states. Nevertheless, there is a saving grace for this “PM-to-AM induced optical pumping” noise
transfer: for very high noisy-field intensities (where optical pumping saturates) this type of noise on the probe

field becomes negligible.
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I. INTRODUCTION

Though the absorption cross section of an atom is often
thought to be an intrinsic constant of atomic structure, it
actually derives from dynamical features of the field-atom
interaction [1]. Only when the field is monochromatic and of
constant amplitude does the absorption cross section become
time independent, taking on the appearance of a parameter
solely determined by atomic structure [2]. A particularly il-
luminating illustration of this occurs for dipole transitions
induced by short-pulse lasers, where experiments have shown
that an atomic vapor’s ability to absorb electromagnetic radi-
ation only “turns on” after the induced dipole moments of the
atoms evolve into steady state [3]; at shorter times the vapor
is effectively transparent. Stated more carefully, an atomic
vapor’s absorption cross section is a collective manifestation
of (field-created) atomic dipole moments [4,5], and these
dipole moments only come into existence when the bare-atom
eigenstates of the atom [6] evolve into an atomic superposition
state.

Of increasing interest over the past decade has been the
dynamical response of quantum systems to randomly fluctu-
ating fields, since (on the one hand) no field in nature is truly
monochromatic, and (on the other) the stochastic field-atom
interaction can have much richer physics than that appear-
ing in standard textbooks [7,8]. As examples, Papoyan and
Shmavonyan have found that when a resonant dipole transi-
tion is excited by a cw phase-diffusion field the Fourier spec-
trum of the transmitted laser intensity contains components
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near the transition’s Rabi frequency [9]. The field-atom in-
teraction becomes even richer when three-level systems are
considered [10,11], and for the case of nonlinear processes
higher-order correlation functions for the field play increas-
ingly significant roles in the quantum system’s response to the
field [12,13].

This dynamic character of the field-atom interaction is also
behind laser phase noise (PM) to transmitted intensity noise
(AM) conversion [14], which is now known to be an impor-
tant noise process in quantum devices employing diode lasers
for signal generation [15,16]. Briefly, an individual atom’s
induced dipole moment has a dependence on the phase of the
electromagnetic field [17]. Consequently, as the field’s phase
varies so too does the atom’s dipole moment. Since the media
of typical laboratory experiments have wavefront propagation
times much shorter than the timescale of a typical laser’s
phase fluctuations [18], all atoms in the vapor experience
the same laser phase. Thus, as the individual atoms’ induced
dipole moments fluctuate with the laser phase there appear
random variations in the vapor’s absorption cross section; as
the vapor’s absorption cross section fluctuates, so too does
the transmitted laser intensity: in a phrase, laser PM-to-AM
noise conversion. Importantly, PM-to-AM noise conversion is
fundamental to the field-atom interaction; it is unavoidable.
PM-to-AM must take place at some level whenever resonant
light passes through an absorbing medium. Consequently, in
quantum devices it can only be partially mitigated through
various experimental manipulations, routinely through the use
of very narrow-linewidth lasers [19] but also with the addition
of rapid collision broadening [17].

Though much has been discovered regarding PM-to-AM
conversion and its influence on quantum devices, there is a
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fundamental atomic physics question that has yet to be ad-
dressed: Can PM-to-AM noise induced by one optical field
be transferred to another independent optical field? To be
more specific, does PM-to-AM noise conversion arising from
a “phase-noisy” field map onto the transmitted light of a field
having (by itself) little to no PM-to-AM noise conversion?
On the one hand, viewing PM-to-AM conversion in terms
of a vapor’s absorption cross-section fluctuations, one would
answer this question in the affirmative: as the phase-noisy field
creates absorption cross-section fluctuations throughout the
vapor, those variations will be sensed by any resonant field
propagating through the vapor no matter how “phase quiet”
the field may be on its own. However, viewing PM-to-AM
noise conversion in terms of the individual atoms’ induced
dipole moments, one would answer this question in the neg-
ative: those atoms interacting with the phase-noisy field are
different from those interacting with the phase-quiet field, and
so there is no PM-to-AM transfer between independent fields.
While this question has important implications for a number
of quantum devices, the issue of PM-to-AM noise conversion
translates to all manner of pump-probe experiments in atomic,
molecular, and optical (AMO) physics: single-photon probing
of atomic structure [20], excited-state absorption of rare-earth
ions [21], and the study of velocity-preserving excited-state
transfer in vapors [22], to name just a few.

In the following sections we experimentally address this
question using a vertical-cavity surface emitting laser (VC-
SEL) as our phase-noisy field and light from an rf-discharge
lamp as our phase-quiet field. Though the resonant light from
an alkali rf-discharge lamp will have a linewidth of several
gigahertz [23,24], while VCSELs have linewidths of ~50-
100 MHz [25,26], the phase fluctuations of the lamp are
in a sense so fast that the atoms are unable to follow
them. Consequently, alkali rf-discharge lamps do not exhibit
PM-to-AM noise conversion to any significant extent [27]
and can be considered a phase-quiet field since the atomic
system only perceives the lamp field’s average temporal
phase.

In the next section we describe our experimental ar-
rangement examining this question, and following that are
our results looking for PM-to-AM noise conversion in the
transmitted resonant lamplight. Regarding the question that
motivated these studies, we will show that PM-to-AM noise
does not transfer directly between independent optical fields.
Thus, the phase-noisy field does not create absorption cross
section fluctuations throughout the vapor, but only for that
subset of atoms instantaneously interacting with the phase-
noisy field. However, we will find that there is another
manifestation of PM-to-AM noise that does transfer: PM-
to-AM induced optical pumping noise. As the phase-noisy
VCSEL optically pumps the alkali vapor, it produces fluctua-
tions in the number density of atoms in the vapor’s optically
absorbing states. Though the phase-quiet field’s absorption
cross section does not fluctuate as a consequence of direct
PM-to-AM transfer, the number density of atoms in the ab-
sorbing state does fluctuate, and this manifests as noise in the
phase-quiet field’s transmission through the vapor. In the final
section, we discuss a simple model of PM-to-AM induced
optical pumping noise that validates our interpretation of the
experimental results.
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FIG. 1. Block diagram of our experimental arrangement. The
light beam from a VCSEL diode laser overlaps the light from a
natural isotope Rb rf-discharge lamp in an absorption cell containing
isotopically enriched ’Rb along with 25 Torr of Kr. Not shown
is a linear polarizer that allows attenuation of the diode laser light
reaching the resonance cell.

II. EXPERIMENT

Figure 1 is a block diagram of our experimental arrange-
ment. An isotopically enriched vapor of 8'Rb is contained in
a glass cell of length L = 4.2 cm and diameter D = 2.5 cm
along with 25 Torr of Kr as a buffer gas. A VCSEL diode laser
excites the D, resonance of Rb at 795 nm: 535, 2> 2p, /2.
The laser beam passing through the cell has a diameter of
approximately 0.7 cm (0.4 cm at cell entrance and 0.9 cm
at cell exit), and the lamplight has a diameter throughout the
resonance cell of about 1.7 cm. Lamplight is derived from a
natural isotope-ratio rf-discharge lamp.

The cell is nominally maintained at a temperature of
37°C, so that the Rb number density ([Rb]) in the vapor
is approximately 4 x 10'°cm™3, and we measured the va-
por’s attenuation coefficient for laser light as [Rb] oL = 0.34
for excitation out of |87Rb(Fg =2)) and 0.19 for excita-
tion out of |¥Rb(F, = 1)). Here, I(L) = L,e "L where
I(L) is the transmitted laser intensity and o is the average
absorption cross section. From knowledge of the Rb num-
ber density and [Rb]JoL we estimate the absorption cross
sections as o (F; =2) =2.0 x 10~"2cm? and oly=1)=
1.1 x 107'2cm?. As these attenuation coefficients indicate,
the vapor is optically thin for laser light in our experi-
ments (i.e., [Rb]JoL < 1), and consequently (given the lamp’s
broader spectral linewidth) also optically thin for the lamp.
Though an optically thick vapor would likely have increased
PM-to-AM conversion, having a thin vapor for both lamp and
laser light decreases the potential for unanticipated system-
atic effects that might arise from different levels of nonlinear
attenuation for the two fields.

The laser light is detected with a Si photodiode, whose
signal is input to a lock-in amplifier internally referenced
to a low modulation frequency (i.e., 233 Hz). As there is
no modulated signal actually at this frequency, the lock-in
essentially measures the noise at 233 Hz in a 1 Hz bandwidth,
8V. This Fourier frequency for the noise was chosen since it
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FIG. 2. (a) Computed spectrum for a pure *’Rb lamp. (b) Com-
puted spectrum for a natural isotope-ratio Rb lamp: we consider
the leftmost lamp peak as |e) — [¥Rb(F, = 2)), the middle lamp
peak as |e) — [®Rb(F, = 2)), and the rightmost lamp peak as |e) —
[¥Rb(F, = 1)). For these calculated spectra we assumed a 1.6 GHz
wide lamp line [24]. For the natural Rb lamp, most of the spectral
intensity overlaps the lower-frequency ¥Rb absorption line [i.e.,
5%1,2(F, =2) — |e) ], with hardly any excitation of the higher-
frequency 57%5)/2(F, = 1) — |e) transition. Here, |e) corresponds to
both the 5Py, and 5 2Py, states: 795 and 780 nm light, respectively.

corresponds to the general range of microwave modulation
frequencies in many vapor-cell atomic clocks [28,29]. We also
measure the average dc light reaching the photodiode: (V).
Not shown in the figure is a linear polarizer that we rotate to
vary the laser intensity entering the resonance cell. Relative
intensity noise (RIN) is defined as §V/(V).

As mentioned above, our phase-quiet field is a natural
isotope-ratio Rb rf-discharge lamp: 28% *’Rb and 72% *°Rb.
An illustration of the lamp’s computed spectrum is shown in
Fig. 2, and as can be seen most of the lamplight comes from
85Rb fluorescence. Using a spectrometer, we confirmed that
the only light passing through our photodetector’s bandpass
filter was Rb 795 and 780 nm light: 60% 780 nm light and
40% 795 nm light. As the figure also shows, *Rb fluores-
cence preferentially excites atoms out of the ®’Rb F,=2
ground-state hyperfine level [30,31]. Thus, for the purposes

of anticipating the noise characteristics of the lamplight, we
can approximate the lamp as emitting just four spectral lines;
listed in order of increasing optical frequency we define the
various transitions’ rates of photon emission as

795 nm ry = |e) — [¥Rb(F, = 2))

795 nm rp = |e) — |BRb(F, =2)) ¢ 40%  (la)

795 nm rc = |e) — |¥Rb(F, = 1))

780 nm ro = |e) — |g)} 60%, (1b)

—
—

with 4 > rg > rc. (Due to a coincidence of nature, r, con-
tains light emitted by both 3Rb and 3’Rb; however, we
consider this in total as affecting the |87Rb(Fg =2)) level.)
The lamplight is detected with its own photodetector, which
is input to a lock-in amplifier also internally referenced to
233 Hz allowing measurement of the lamplight noise. We
anticipate no laser-induced noise on the 780 nm D, lamplight
reaching the photodetector since the laser is tuned to the
795 nm D, resonance only.

In order to anticipate the lamplight’s RIN under the as-
sumption that laser-induced PM-to-AM conversion directly
affects the lamplight, we employ the Beer-Lambert law of
exponential attenuation [32] to write the signal at the lamp’s
photodetector as

—p2[Rb 8o, )L —p1[Rb Soy)L
Slamp =71+ rae p2[Rb](0a+d02) +rptrce p1[Rb](oai+3d01) ,

2)

where p; is the fractional population in the ¥'Rb |F, = j)
state, og; is the discharge lamp’s (dl) absorption cross section
[33], and the §o; (605 ) correspond to the cross-section fluctua-
tions arising from laser PM-to-AM conversion when the laser
is tuned to excite atoms out of the |F, = 1) state (|F, = 2)
state). Note that we have not assumed any attenuation of the
780 nm lamplight; this is likely a fair assumption given the
optically thin nature of our vapor, but it also implies that our
estimate of lamplight RIN will be something of a lower bound.
Further, with the optically thin nature of the vapor we have
[Rbléo;L « 1. Thus, since the (possible) absorption cross-
section fluctuations will only be associated with the 795 nm
light (as this is the laser wavelength), we write the fluctuations
in the lamplight signal as

3Stamp = [Rb]L{ra p2802+rcp1801}, 3)

which gives rise to a lamplight RIN of
[Rb]L{rap2802+rcp1801)
ro +ratretrc
_ 2 [Rb]L{rap2805+rcpido}
5 rA—l—rB—i—rc '

RINlamp =

“4)

In the absence of any optical pumping p» = 5/8 and p; =
3/8, so that Eq. (4) becomes

ra+rg+rc

5&)+%rc(%) } 5)

1 FA( o
RINjgmp = Z[Rb]aLL

where o7, is the absorption cross section for laser light. Sim-
ilar considerations hold for the laser RIN, allowing us to
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FIG. 3. (a) Laser RIN/Hz!/? as a function of laser detuning showing the classical “M shape” of PM-to-AM conversion; (b) lamp RIN/Hz!/?

as a function of the laser’s detuning from resonance.

immediately write

5 {(502> 3(501)}
RINlaser = _[Rb]ULL — |+ — . (6)
8 oy, 5 or,

It is worth noting that given do; = §o, and the fact that
ra/rc ~ 5 [from the lamplight intensities shown in Fig. 2(b)],
we expect the RIN for lamplight to be greater when the laser
is tuned to the |F, = 2) transition than when it is tuned to
the |F, = 1) transition by roughly a factor of (5r,/3rc) ~ 8.
Alternatively, the RIN for the laser should only be larger by
roughly a factor of 1.7 when the laser is tuned to |F, = 2)
compared to when it is tuned to |F, = 1). Further, looking
at the ratio of lamplight RIN to laser RIN we have (just
considering the laser tuned to F, = 2 for simplicity)

RINjgmp 2 ra 1 -
RINlaser o 5 rA+rB+rC - 5,

where the final factor on the right comes from estimating the
term in brackets after regarding Fig. 2(b).

Thus, there are three semiquantitative predictions that we
can make if laser-induced PM-to-AM conversion transfers
directly to lamplight transmission as a consequence of the two
fields experiencing the same cross-section fluctuations:

(1) Regarding Eq. (5), lamplight RIN should be insensitive
to the laser’s power level.

(2) Lamplight RIN should be larger with the laser tuned
to the |F, = 2) transition than to the |F, = 1) transition by
almost an order of magnitude.

(3) Lamplight RIN should be smaller than laser RIN by
roughly 20%.

To the extent that these three predictions are borne out
by experiment, we will have reasonable confidence that laser
RIN transfers directly to the lamplight’s transmission. To the
extent that none of these three predictions are borne out by
experiment we must conclude that laser RIN does not transfer
directly to the lamplight’s transmission.

III. RESULTS

Figure 3(a) shows the laser’s measured RIN as a function
of laser detuning for one laser power (i.e., 305 uW). The
laser’s RIN shows the classical “M shape” that is associated
with PM-to-AM conversion [17], and as one would anticipate
the peaks of the laser RIN occur near the inflection points
of the absorption profile. Further, the RIN for the laser tuned
to the F, = 1 resonance is somewhat smaller than the RIN for
the laser tuned to the F, = 2 resonance, which is consistent
with the previous discussion.

Figure 3(b) shows the lamp’s measured RIN as a function
of the laser’s detuning. We first note that the lamp’s RIN for
the laser tuned to F, =1 is greater than for the laser tuned
to Fy = 2. This is opposite to our prediction if lamplight RIN
were to result from a direct transfer of cross-section fluctua-
tions to the lamplight’s transmission. Additionally, rather than
lamplight RIN being about 20% smaller than the laser’s RIN,
the RIN shown in Fig. 3(b) is two orders of magnitude smaller
than the laser RIN. This is further illustrated in Fig. 4, where
the peak RINs for the laser and lamp (examined over the full
absorption spectrum) are shown as a function of laser power.

Figure 4 also indicates that the laser RIN and the lamplight
RIN depend on the laser power. Specifically, the laser RIN
appears to fall nearly linearly with laser power, while the
lamplight RIN has a nonlinear dependence on laser power.
This latter is again contrary to our predictions outlined in the
previous section and is illustrated more clearly in Figs. 5(a)
and 5(b). Together, these results provide convincing evidence
that there is no direct transfer of laser PM-to-AM noise to
lamplight transmission due to cross-section fluctuations. We
must therefore conclude that the vapor-phase atoms involved
in the attenuation of the laser field are separate and distinct
from the atoms that are involved in the attenuation of the
lamplight (at least in this low laser intensity regime). Never-
theless, we do observe a correlation between lamplight RIN
and the laser’s resonant interaction with the vapor. If this
cannot be attributed to absorption cross-section fluctuations
directly, then it must be that the laser field’s cross-section
fluctuations have an indirect influence on the lamplight’s
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transmission. As we argue subsequently, this indirect influ-
ence is due to PM-to-AM induced optical pumping noise.

IV. PM-TO-AM INDUCED OPTICAL PUMPING NOISE

Kitching et al. [34] were probably the first to recog-
nize that PM-to-AM cross-section fluctuations could induce
optical pumping noise. Though their focus was on the
propagation of a bimodal field through an atomic vapor
in a coherent-population-trapping (CPT) experiment, they
nonetheless convincingly showed that field fluctuations re-
sulted in optical pumping rate fluctuations. In turn, these
yielded stochastic variations in the number of atoms in an
absorbing state, and hence PM-to-AM induced optical pump-
ing noise that affected the transmission of light through the
resonant vapor.

To better establish that the laser-correlated lamplight noise
observed in our experiments is also due to PM-to-AM induced
optical pumping noise, and does not arise from direct PM-
to-AM noise conversion, we first note that Fig. 5(a) shows
a linear decrease in laser RIN with laser power. The RIN of
standard PM to AM should be independent of laser power,
since the cross-section fluctuations are independent of laser
intensity [see Eq. (A13)]. Further evidence for optical pump-
ing’s role comes from Fig. 6, which shows lamplight RIN
for the laser tuned to |F, = 1) as a function of laser power,
but now for a lower temperature of 30°C. Consistent with
previous research [14], as the vapor temperature is lowered
the falloff in RIN due to optical pumping occurs at lower laser
intensities.

A theory describing PM-to-AM induced optical pumping
noise for two statistically independent fields is laid out in the
Appendix, and to proceed we again write the lamplight signal
at the photodetector in terms of the Beer-Lambert law of
exponential attenuation [32]. Now, however, it is the fraction
of atoms in the absorbing state p, that fluctuates (i.e., for the
simple model described in the Appendix we assume that the

lamp only excites atoms out of |F, = 2)). Thus,

Slamp — rAe*(<p2>+5p)[Rb]0mL — I’A€7<’02)[Rb]gdll‘(1—8,0[Rb](fd1L).

®)
Consequently, the RIN of the lamplight becomes

RINiamp = v/ (8p?)[RbloalL, €))

where (§p?) is given by Eq. (A12) in the Appendix along with
Eqgs. (A13) and (A14). We note that in the equation for (§p?)
the average fractional population in |F, = 2) appears, (02).
This is computed with the aid of Eq. (AS),

() = (R3) + (R4) + 2y

2) = )
Zizl (Ri) +1ra + 4y

where y is the collisional hyperfine relaxation rate and the

(Ry) are expressed as laser photon absorption rates for tran-

sitions k averaged over the cell length (i.e., R3 and R4 imply

excitation out of |F, = 1) to the two excited-state hyperfine
levels, while R; and R, imply excitation out of |F, = 2):

Runkrz 1— e—[Rb]GkL
Ry) = . 11
Wl <FZ+A2) [RbloiL (n

(10)

In this expression, R, is associated with the laser photon
flux at the entrance to the resonance cell, n; is the relative
strength of the kth transition, I is the linewidth [half width
at half maximum (HWHM)] of the optical transition, A is
the detuning of the laser from the kth optical resonance, and
[Rb]oy L is the laser’s attenuation coefficient for the kth tran-
sition at a particular resonance cell temperature.

To express the theoretical results in terms of laser power
for comparison to experiment, we note that for a laser power
of 100 uW at 795 nm our photon flux ® is 1 x 10 cm=2s7!,
Given our estimated absorption cross section for the F = 1
resonance this implies a photon absorption rate of (R4) =
1100s~!. If we now assume that the hyperfine relaxation rate
in our experiment is similar to that in our other experiments
employing similar geometry cells and experimental condi-
tions (i.e., y ~ 360s~") [35] and taking n4 = 1.67, we can
calibrate R,/y : R,/y = 1 = Piager = S5 UW.

Figure 7 shows RINjy, for Pager = 200 uW and a cell
temperature of 37°C. (Given the linewidths of the absorp-
tions shown in Fig. 3 and the anticipated linewidth of our
lamp’s emission, we roughly take oq ~ 07.) Other parameters
include y; = 150 MHz and r4/y = 3, where y; is the laser
linewidth [full width at half maximum (FWHM)] and r, is
the lamp’s photon absorption rate out of F, = 2. Consistent
with experiment we see that the lamp RIN is larger for the
laser tuned to Fy, = 1 (i.e., Apaer ~ 5 GHz) than for the laser
tuned to F, =2 (i.e., Apaer ~ —2.5 GHz). Note, however,
that the relationship between the RINj,y, levels for the laser
tuned to these two absorption lines is a function of r4 as
illustrated in Fig. 8. There, we see that for low lamp intensi-
ties, RINjyyp for Fy, = 2 can be larger than for F; = 1. This is
explained by lamplight optical pumping: at high levels of 74 /y
the lamp optically pumps and removes atoms from |F, = 2).
Thus, no matter the laser’s fluctuations there are few atoms
in |F, = 2) to be affected by laser noise; conversely, there are
many atoms in |F, = 1) to be affected by laser noise. Note
that the crossover occurs for r4/y = 0.5, which suggests a
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lamp intensity of ~30uW (based on an equivalence with
R,/y and the calibration discussed above). Since we expect
alkali rf-discharge lamps to emit at least ~50 uW (D; and D,
combined) [36,37], Fig. 8 indicates that our rf-discharge lamp
likely has sufficient photon flux for optical pumping (which
has also been verified in separate experiments), and therefore
that RIN,mp (as observed) would be larger for the laser tuned
to F; = 1 than for the laser tuned to F, = 2.

Figure 9 shows RINj,mp, as a function of laser power for
yr = 75 MHz (dashed curve) and 150 MHz (solid curve),
respectively. For both laser linewidths, which are in the range
of expected VCSEL linewidths [25,26], RINpuyp peaks at a
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Laser Power (uW)

FIG. 6. Lamplight RIN for the laser tuned to |F, = 1) as a func-
tion of laser power with T = 30 °C. The dashed line is a least-squares
fit to a Gamma distribution, and again is only meant as an aid to
guide the eye. However, similar to Fig. 5(b), and extrapolating from
previous research [14], we assumed that the maximum value of the
RIN for this fit would be independent of temperature. The fit from
the 37 °C data is shown for comparison.

laser power of about 200 pW, which is consistent with ex-
periment [Fig. 5(b)]. Moreover, RINj,y, for the laser tuned to
F, = 2 is about a factor of 3 smaller than for the laser tuned to
F, = 1, which is again consistent with experiment (see Fig. 4).
Together Figs. 7-9 indicate that our experimental results are
fully consistent with a RINj,y, driven by PM-to-AM induced
optical pumping noise. This suggests that at low noisy-field
powers (where there is little optical pumping) and high noisy-
field powers (where optical pumping saturates), there will be
negligible PM-to-AM noise of any type on a quiet probe field.

V. SUMMARY

We have addressed the question of whether a phase-noisy
field maps absorption cross-section fluctuations onto a quiet
field, which has relevance to a host of (both basic and ap-
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& o a3 Spectrum
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FIG. 7. Lamplight RIN for the laser tuned across the D, ab-
sorption line at 795 nm. For this computation, 7 = 37 °C, Py =
200 uW, ra/y =3, and y, = 150 MHz.
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FIG. 8. Lamplight RIN for the laser tuned to either F, =1 or
F, = 2 as a function of the lamp’s photon absorption rate, r4/y . For
this computation, 7 = 37 °C, Piyser = 200 uW, and y, = 150 MHz.

plied) pump-probe atomic-molecular-optical (AMO) physics
experiments. As particular examples of applied atomic tech-
nology applications, we note that PM-to-AM conversion is a
dominant noise process (if not the dominant noise process)
in a number of next-generation atomic clocks for global nav-
igation satellite systems (GNSS): the lamp-laser integrated
vapor-cell atomic clock [38], chip-scale atomic clocks [39],
and the pulsed optically pumped atomic clock [40]. In the
latter two cases, the present work suggests that there could
be advantage in employing a phase-quiet field for the probe
signal, since there can be no mapping of PM-to-AM noise
from the pump onto the probe no matter the timescale of the
probe-pump temporal separation.

In this regard, our results demonstrate that PM-to-AM
noise does not transfer directly onto a quiet field, consistent
with the notion that the atoms interacting with the noisy

4.0 1

107 Maximum Lamp RIN (1/Hz"2)

Laser Power (uW)

FIG. 9. Lamplight RIN for the laser tuned to either F, =1 or
F, = 2 as a function of laser power. For this computation T = 37 °C,
ra/y =3, and y, = 150 MHz (solid curve) or 75 MHz (dashed
curve).

field are instantaneously separate and distinct from those in-
teracting with the quiet field. However, as a consequence
of optical pumping, the noisy field can influence the quiet
field’s transmission through the vapor. As the noisy field
undergoes PM-to-AM conversion, the noisy field’s photon
absorption rate fluctuates, which results in optical pumping
rate fluctuations. With fluctuations in the rate of optical pump-
ing come fluctuations in the number density of atoms in the
states attenuating the quiet field’s transmission. In a phrase,
we have PM-to-AM induced optical pumping noise transfer
to the quiet field. The saving grace for this type of noise
transfer is that for very low noisy-field intensities (where there
is no optical pumping) or very high noisy-field intensities
(where optical pumping saturates) PM-to-AM induced opti-
cal pumping noise will be negligible. This is important for
those next-generation GNSS atomic clocks noted above, since
saturation of optical pumping, which will give the greatest
atomic signals, coincides with the lowest levels of PM-to-AM
induced optical pumping noise.

Finally, we note that in the present work we only consid-
ered PM-to-AM noise conversion at a relatively low Fourier
frequency (i.e., 233 Hz). While this provides important in-
formation for next-generation GNSS clocks, which generate
atomic signals at these low Fourier frequencies [38-40], it
would be interesting from a basic atomic physics perspective
to understand how PM-to-AM noise and PM-to-AM induced
optical pumping noise map to an independent field as the
Fourier frequency varies over a wide range, for example,
10°-10° Hz. Since optical pumping timescales are typically
on the order of 1073 s, one might imagine that at Fourier
frequencies higher than 10* Hz PM-to-AM induced optical
pumping noise would no longer map to the independent field.
Consequently, though the present results are important in
themselves, we expect to conduct PM-to-AM noise and PM-
to-AM induced optical pumping noise studies over a very
broad Fourier frequency range in the not too distant future.
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APPENDIX: THEORY OF PM-TO-AM INDUCED
OPTICAL PUMPING NOISE

Figure 10 shows the four-level model we consider in our
analysis of PM-to-AM induced optical pumping noise. For
simplicity, we assume that the lamplight only probes atoms
in level |2) (i.e., |[F; = 2)), while the laser tunes across the
four optical absorption lines indicated in the figure. Our goal
will be to compute the fractional population variation of |2),
802, which then becomes a measure of the lamplight noise on
the photodetector:

Stamp = [e~ P2 HPIIRRIAL — RIN o ~ 8 02[Rb]oalL.
(A1)

Since lamp-pumped Rb atomic frequency standards are
limited in the short term by shot noise [27], we will assume
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FIG. 10. Energy level diagram for our model. The lamp only ex-
cites atoms out of |2}, so that the lamp’s RIN is defined by population
fluctuations in |2).

that the lamplight has no PM-to-AM conversion noise of its
own, and that the only contribution to lamplight RIN comes
from fluctuations in the population density of |2).

To proceed, we take the fractional populations in the two
ground-state levels as p§ = 5 for |2) and pf = % for |1) in
the absence of lamp and laser light, and we define y as the
rate of collisional transfer between the two levels. We also
assume that laser and lamp optical excitation is relatively
slow compared to spontaneous emission from |«) and |8), and
that spontaneous emission branching ratios to |2) and |1) are
equal. Thus, with p; defined as the fractional population in |J)
we have p; + p, = 1.

As the laser is tuned, there will be four distinct reso-
nances for laser absorption. Ranging from lower to higher
laser frequencies these are |2) — |a), [2) — [B), |1) — |a),
and |1) — |B). These will be labeled as transitions 1-4, re-
spectively, in what follows. We also note that the matrix
elements for the transitions in 8’Rb imply that the relative
excitation probabilities for transitions 1 and 2 are the same
(m = n2 = 1.0), while the relative excitation probability for
transition 3 has n3 = 0.33 and n4 = 1.67.

1. Optical pumping rate equation for p,

The density-matrix equation for the evolution of p; in
steady state can be written as

i
dt

N =
~.
iMN

Rjp> + 5 ZR(l Pz)——pz

+ v (0§ — p2)- (A2)

Here, r, is the excitation rate associated with the lamp-
light (which includes excitation to both excited-state hyperfine
levels given the lamp’s spectral linewidth), and the R; are
excitations associated with the laser,

@Gonsz

= Ron ji8js (A3)
where n;®0, = n;R, is the on-resonance photon absorption
rate for the various transitions (given a laser photon flux &
and with the D; absorption cross section given by o,), g; =
[?/(T* 4 A%), and 7; is the relative strength of absorption
for each of the transitions noted above. Equation (A2) yields

for the steady-state population in |2),

R; +R4+2)/,Oo R +R4+2,00
pr= — S — 2 (A4)
Z_i:IRj+rA+2y Zj:,Rj—i—rA—i-Z
In the expression on the right-hand side of Eq. (A4), all
rates have been normalized in terms of the collisional longitu-
dinal relaxation rate: R,/y — R, and r4/y — ra.

2. Including PM-to-AM conversion

PM-to-AM conversion will cause the absorption cross sec-
tions of the four transitions to fluctuate as the laser is tuned
across resonance, giving rise to fluctuations in all of the R;:
oj —> 0j+d0j, where &; is the time-averaged absorption
cross section for transition j (with the do; mean-zero ran-
dom fluctuations). In turn, we have R; = R; + 8R; = R; +
R.n;g;(80/0,) or R; = R; + R,n;x;g;. Here, x; is a mean-
zero random fluctuation in the normalized photon absorption
cross section that varies (in addition to the g; term) as the laser
is tuned across one of the four resonances.

As suggested by the experiments reported here, we assume
that these cross-section fluctuations only affect the absorption
of laser light. They have no effect on the absorption cross
section of lamplight photons. This assumption follows from
several caveats:

(1) There is no long-range atom-atom interaction. Thus,
light-induced perturbations that act on one atom are not
transmitted to another atom due to long-range atom-atom
couplings.

(2) Absorption cross-section fluctuations arise from the
superposition state that is created in an individual atom when
it absorbs an individual photon. Thus, PM-to-AM conversion
is a process that happens to single atoms. It is only in the
aggregate that these manifest as absorption cross-section fluc-
tuations for the vapor as a whole.

(3) For the photon absorption rates that we consider there
is negligible (effectively zero) probability for an atom to inter-
act with a laser photon while it is interacting with a lamplight
photon.

To account for the fluctuations in p, that arise from laser
PM-to-AM noise conversion we expand o, in a Taylor series
about x; = 0. Effectively, we are performing a coarse-grained
time average over the density-matrix rate equations [i.e.,
Egs. (A2)], allowing the density matrix to reach steady state
prior to any change in the randomly fluctuating cross section.
This is likely fair if the lock-in amplifier reference frequency
of Fig. 1, fref, is chosen so that fgrer ~ y or less. Thus, we
write

p2(X) = pr+ ZX/ 8

Xj x;=0

4
dR; 8,0
= P2t Zx, 2

(A5)
x;=0

Considering an optically thin vapor, where we can take the
x; as small, we retain only first-order terms in Eq. (AS5) so that
4

902
P2 (X) = pr+ ZRon,xjgj 9R,
j=l1

(A6)
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From Eq. (A4) we then evaluate the dp,/0R;:

M for j=1,2
8,02 [ZLI Rk+r2+2]
22 (A7)
ORj | RtRotnt20-0) g i3 4

[Zz:l Rk+rz+2]2

This can be simplified further by noting from Eq. (A4) that
Rs + Ry +2p3

P2 = = , (A8)
Zizl Ri+ra+2
which results in
—2 - for j=1,2
3 [ZLI Rk+rA+2] J
0 _ - . (A9)
IR; —_ for j=3,4
[Z Rk+rA+2]
k=1
Finally, employing Eq. (A9) in Eq. (A6) we obtain
R, _
802 = X[(l — 02)(13X383 + 1aX484)
— p2(mx181 + mx282)1, (A10)
with
4
AEZRk+rA+2. (A1l)
k=1

Note that with the x; as mean zero we see from Eq. (A11)
that we get the intuitively pleasing result (§0,) = 0, where
(---) indicates an ensemble average.

a. Variance of p, under laser PM to AM
As the mean value of §p, is zero, the variance of p, will
be given by (p3). Squaring Eq. (A10) and taking an ensemble
average, we obtain

R,)\?
03 = () 10~ 1 PRI + il

+ 2m3m4(xX3x4)8384) + (Pz)z(nﬂx%)gzl + n%(x%)g%
+ 2mm(xix2)8182) }- (A12)

Since the laser will tune to different resonances at differ-
ent times, the laser PM fluctuations occurring (for example)
when the laser is tuned to the |1) — |«) transition will be

uncorrelated with the laser PM fluctuations when the laser
is tuned to the |2) — |&) transition. Thus, we set (xjx3) =
(x1x4) = (x2x3) = (x2x4) = 0. However, because the transi-
tions |2) — |«) and |B) overlap as well as the transitions
1) — |e) and |B), laser PM at any instant of time will affect
both photon absorption rates simultaneously. Consequently,
we have retained a correlation for the overlapped transitions:
(x1x2) # 0 and (x3x4) # 0.

Note that this correlation will be strongest when the laser
is tuned midway between the o and g states. This implies that
a PM fluctuation that results in a positive detuning for one of
the closely spaced transitions will result in a negative detuning
for the other closely spaced transition. Therefore, we expect
this correlation to be negative in a regime of laser tuning that
produces non-negligible levels of correlation.

To evaluate Eq. (A12), (sz) is taken from Huang ez al. [41]:

D3yu(A+ )

x2) = 6.4BA2 )
(<) oy an)

2 (A13)

Here, B is the measurement bandwidth set by the lock-in
amplifier (typically 1 Hz), y; is the laser linewidth (FWHM),
A is the Einstein-A coefficient for the transition, and I" is the
linewidth of the transition (FWHM). For the nonzero correla-
tions in Eq. (A12) we make the approximation that

(xix;)gigj = — gigjy/ ()3, (Al4)
which is clearly only significant when the laser is tuned be-
tween the ith and jth transitions.

It is worth noting in Eq. (A12) that the variance in the
population fluctuations of |2) (i.e., the lamp probed state) de-
pends on two factors: the mean population in state |2) and the
variance of absorption cross-section fluctuations. In particular,
note that the amplitude of state |2) population fluctuations
with the laser tuned to transitions 1 and 2 (i.e., |2) — |@)
and |B)) depends on the population in |2), which is reduced
by optical pumping. Similarly, the amplitude of population
fluctuations with the laser tuned to transitions 3 and 4 (i.e.,
1) - |a) and |B)) depends on the population in [1) (i.e.,
1—(p2) ), which is again reduced by optical pumping. Conse-
quently, at high laser optical pumping rates, so that (p;) is zero
(with the laser tuned to |2) — |«) and |8)) or unity (with the
laser tuned to |1) — |«) and |B)), there will be no population
fluctuations of |2) and hence no PM-to-AM induced variations
in the transmitted lamplight.
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