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Measurement of the spectrum of resonance fluorescence from a two-level atom
in an intense monochromatic field*
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%e have made measurements of the spectrum of resonance fluorescence emitted by sodium atoms in an
intense, uniform, monochromatic field. The transition used in the experiment was between the 3'S&„
(F = 2, mF ——2) ground state and the 3'P3/2 (F' = 3, mF = 3) excited state. A separate light beam, circularly
polarized and resonant with this transition, was used to prepare the sodium atoms in the F = 2, mF = 2
magnetic sublevel. This pumping scheme was used to obtain the spectrum for both on- and off-resonance
excitations. The measurements are in good agreement with Mollow s calculation. In addition, we describe
conditions under which we observed asymmetric spectra similar to those of earlier experiments,

INTRODUCTION

The spectrum of resonance fluorescence is of
fundamental importance to the understanding of
the interaction of radiation with matter. Recently
there have been a number of theoretical treat-
ments' "and a few experimental studies" "of
this problem.

Most of the theoretical work deals with the ideal
system of an atom with only two energy levels.
Earlier observations of the spectrum were difficult
to interpret because of the lack of a true two-level
system. In this paper we present high-resolution
measurements of the spectrum of resonance
fluorescence from a carefully prepared two-level
atom. For the first time, experimental spectra
are quantitatively compared with theory for both
on- and off-resonance excitations. In addition, we
include data which may aid in the explanation of

the conflicting results of earlier experiments re-
garding the symmetry of the spectrum. ""

THEORETICAL PREDICTIONS

eisskopf 3 first showed that if a two-level atom
is excited by weak, monochromatic, resonant
radiation, the resulting fluorescence is also
monochromatic and of the same frequency as
the incident light. The case of strong-field ex-
citation, in which the induced transition rate is
comparable to, or greater than the spontaneous
emission rate, has been studied only recently, and
with conflicting results. A variety of spectral dis-
tributions have been predicted, ' "most of them
consisting of three peaks. The spectrum which is
now generally accepted was first calculated by
Mollow' using a c-number driving field and some
statistical assumptions. It is given [from Ref.
5, Eqs. (4.15) and (3.23)] by
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Where Q= pE/g; E is the electric field strength;
p. is the electric dipole matrix element; I" is the
natural width of the transition; v~ is the frequency
of the incident radiation; Lv= v~ —vo, where v,
is the transition resonance frequency, and

In the limit of very intense fields (0» I' and
0» Av) the spectrum reduces to
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Figures 6(a)-6(c) are theoretical plots of g(v) for
both on- and off-resonance excitation, correspond-
ing to hv= —50 MHz, 0, and+50 MHz respective-
ly, with I"=10 MHz and 0=78 MHz. The spectrum
consists of a 5 function elastic component and a
three-peaked inelastic component. The elastic
part is dominant in weak fields but negligible under
strong, resonant excitation.

In this limit, the inelastic component clearly has
the form of three I orentzians with heights in the
ratio 1:3:1and widths of —'I', I', and —,'1". The
separation between central and side peaks is the
Rabi frequency 0' = [0'+ (4v)']'~'.

The spectrum has now been derived using fully
quantum-mechanical treatments and without any
statistical assumptions. '"'7'" Cohen- Tannoudji"
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has also presented a clear physical interpretation
of the three-peaked spectrum.

EARLIER EXPERIMENTAL RESULTS

The first observation of the three-peaked strong-
field spectrum was reported by Schuda, Stroud,
and Hercher. " In their experiment, a linearly
polarized cw dye-laser beam intersected a sodium
atomic beam at right angles, and excited the
3'8, &,(E= 2)-3'P», (E' = 3) transition. The flu-
orescence was analyzed by a Fabry-Perot in-
terferometer along a mutually orthogonal direc-
tion. Subsequent experiments, ' ' which used
essentially the same arrangement, yielded spectra
with improved resolution. However, a quantitative
comparison with theoretical predictions was not
possible because a two-level atom was not used.
In a more recent work, Walther ' obtained im-
proved on-resonance spectra by using circularly
polarized light.

The weak-field spectrum has also been ob-
served by several groups"'"" "; the fluorescence
linewidth was shown to be less than the natural
width.

PREPARATION OF A TWO-LEVEL SYSTEM

Quantitative comparison with theory requires
that the incident radiation interact with atoms
that can make transitions between only two states.
The OS, &,( E= )2and O'P», (F'=3) states in
sodium are a potential two-level system because
the upper state E'=3 can decay only to the F=2
state. However, both hyperfine levels consist of
degenerate magnetic sublevels with unequal elec-
tric dipole matrix elements (p) connecting them.
Figure 1 shows the sublevels and the relative mag-
nitudes of the matrix elements.

Application of intense, resonant, linearly (m)

polarized light induces Am = 0 transitions between
the E=2 and E'=3 states. There are five such
transitions, and since they have different Habi

frequencies, the side peaks of the fluorescence
spectrum would therefore be broadened. However,
the broadening is not as severe as might be ex-
pected because most of the E=2(nzz=+ 2) atoms
are pumped to other sublevels (m~ = —1, 0, + 1)
soon after they enter the intense field. Another
problem is the pumping of E= 2 ground-state
atoms to the F =1 ground state via the nearly
resonant (E = 2)-(F' = 2) transition. Since the
E=1 atoms are not excited by the incident radia-
tion, this process depletes the population available
for resonant interaction. This depletion becomes
severe when the laser is tuned near the (E = 2)-
(F' = 2) transiton frequency, just 60 MHz below
(E = 2)-(F' = 3).

The above difficulties may be overcome by using
circularly polarized light. ' Intense 0+ circular-
ly polarized light induces 6m=+1 transitions
(marked with arrows in Fig. 1), and thereby
pumps most of the E=2 atoms into the nz~=2 sub-
level. From this sublevel, the only allowed hm
=+ 1 transition is to the E' =3(mz =3) level. The
nonresonant transitions E = 2(m~ = 2)-E' =2(mz
= —2, —1, 0, + 1, + 2) are also forbidden in the
electric dipole approximation. Thus, the E
=2(m~=2) atoms may be considered a two-level
system. The effect of the atoms in the E=1 ground
state is negligible because of the large separation
(1VV2 MHz) between the E= 1 and E= 2 levels.

Optical pumping with o light is completed quick-
ly only if the incident light is moderately intense
and resonant with the (E = 2) -(E' = 3) line. With
off-resonance excitation, optical pumping is much
slower, and a true two-level system cannot be ob-
tained without a large increase in laser intensity
or interaction time. This difficulty may be
avoided by using a resonant "pump" beam to pre-
pare the atoms before they reach the interaction
region.

Figure 2 shows the experimental arrangement
we used to demonstrate the preparation of sodium
as a two-level system. The output of a single-fre-
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FIG. 2. Experimental setup for demonstrating the
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F=2-F'=2

F=2 —F=1

F=2 —F=3

quency cw dye laser is split into parallel "pump"
and "signal" beams, which are separated by 1.2
em and intersect a sodium atomic beam at right
angles. The pump beam is shifted 60 MHz (the
separation between the F' = 2 and F' = 3 states)
above the signal-beam frequency by an aeousto-
optic (A/0) shifter. The pump beam intensity is
30 mW/cm' while the signal beam is attenuated to
1 mW/cm'. Each beam is better than 97% (r' cir-
cularly polarized by a quarter-wave plate.

We monitored the fluorescence intensity induced
by the weak signal beam as the laser frequency
was scanned over the (E = 2)-(E' = 1, 2, 3) transi-

tions. Due to the 60-MHz separation between the
pump- and signal-beam frequencies, resonance
of the signal beam with the (E=2)-(E'=2) transi-
tion coincided with resonance of the pump beam
with the (E = 2)-(E' = 3) transition. When the pump
beam was blocked, the fluorescence associated
with the three transitions was observed [Fig. 3(a)].
When the laser was scanned with the pump beam
unblocked, as shown in Fig. 3(b), the (E=2)-(E'=2)
line disappeared, indicating that no (E=2)-(E'=2)
absorption occurred. The pump beam had depopu-
lated those states (F =2, m~=-2, —1, 0, +1) from
which Arn =+1 transitions to the F'= 2 state are
allowed. In other words, the pump beam had
transferred most of the F = 2 atoms into the m„=2
sublevel. Figure 3(b) shows that the (E =2)-(E' =1)
line was also attenuated because of off-resonance
pumping.

To prevent redistribution of the sublevel popula-
tions by stray fields in the region between laser
beams, it was necessary to apply a weak magnetic
field (0.7 G) parallel to the laser beams.

EXPERIMENTAL APPARATUS

Figure 4 outlines the setup used both to prepare
sodium as a two-level system and to measure the
fluorescence spectrum. The dye laser is similar
to the one described elsewhere. 2 It produces up
to 40 mW of single-frequency power at 5890 A.
The laser is both frequency and intensity stabilized
such that the spectral width is less than 250 kHz
and intensity fluctuations are less than 2%.

The sodium is heated in an oven at temperatures
up to 530 C and is collimated by two 0.5-mm-diam
apertures separated by 40 cm. The sodium beam
orthogonally intersects the laser beams 20 cm

(a)

(b)

PHOTON
COUNTER

PHOTO-
MULTIPLIER

I ~ I I
r I

r I ~

~ I
I ~I I Ir

PHOTO-
MULTIPL I E R

l

FABRY-
PEROT

I
I~I~
I
I
I
I
I

I
I
I
I
t
I
I
I

I
I

Na BEAM

1Q.5 MHz

FREQUENCY ~

FREQUENCY
SERVO

SYSTEM

PUMP
BEAM~

vo vp+ 6v

+SIGNAL
BEAM
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FIG. 4. Experimental setup used to measure the spec-
trum of resonance fluorescence. The A/0 shifter is
removed to obtain on-resonance data.
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after the second aperture. Fluorescence induced
by the pump beam is monitored for long-term laser
frequency stabilization. "

Much attention was given to the uniformity of the
laser intensity in the signal-beam interaction re-
gion. Both laser beams have Gaussian profiles
with distances between 1/e' points of 2.4 mm in
the horizontal direction (along the atomic beam)
and 2.9 mm in the vertical direction. To measure
the beam profile at the interaction region, the
beam was directed onto a 100-p.m pinhole at an
equivalent distance from the laser. The pinhole
was translated, and the transmitted light detected
by a photodiode. The measured intensity profile
along the horizontal direction is compared with a
Gaussian in Fig. 5.

The fluorescence emitted from the central part
of the signal-beam interaction region is collimated
by two 0.5-mm-diam apertures placed 4 and 40 cm
above the interaction region. The collimated flu-
orescence is analyzed by a thermally insulated
Fabry-Perot interferometer with a 2-MHz instru-
ment width. Under these conditions, most of the
observed fluorescence is emitted by atoms in a
laser electric field that is within 4% of the peak
value.

The light transmitted by the Fabry-Perot inter-
ferometer is detected by a cooled photomultiplier,
followed by photon-counting electronics. The data
are recorded on magnetic tape for subsequent
averaging and filtering.

At an oven temperature of 530 C, the expected
flux through the 0.5-mm source aperture is 9 && 10'
atoms/sec. The resulting beam density at the in-
teraction region is 6 x 10' atoms/cm', corre-
sponding to 9 & 10' atoms in the volume under ob-
servation. The mean distance between atoms is
6 p, m, and the average velocity is 1 x 10' cm/sec.
%hen the atoms are excited by strong, resonant
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FIG. 5. Intensity profile of laser beams (horizontal
di rection) .

radiation (Q» I'), they spend almost half their
time in the upper state; thus the mean spontaneous
emission rate per atom is —,'I'. Allowing for the
fact that only —,

' of the atoms are initially in the
F = 2 ground state and assuming that pumping to
Ii = 1 is negligible, we expect about 2 && 10"pho-
tons/sec emitted in all directions. The collima-
tion angle of 1.3 mrad reduces this to 2 x10' pho-
tons/sec entering the Fabry-Perot interferometer.

At.the high oven temperature of 530 C, the ac-
tual Doppler width of the atomic beam is greater
than the width calculated from the aperture
geometry. This is caused by collisions at the

primary aperture, which increase the effective
size of the source. The additional broadening is
evident from the absorption spectrum linewidths,
which are 13 MHz at 530'C, but only 11.5 MHz

IFig. 3(a)] at 450 C and lower temperatures. The
measured width of 11.5 MHz agrees with the cal-
culated value based on the known natural width
of 10 MHz and Doppler broadening due to beam
geometry.

MEASUREMENT OF THE SPECTRUM

To record the on-resonance spectrum, the fre-
quency of the pump beam and consequently that of
the signal beam are locked to the (E=2)-(E'=3)
transition by a feedback loop as shown in Fig. 4
(A/0 removed), while the Fabry-Perot inter-
ferometer i:s 'scanned at a rate of 100 MHz/min.
The Fabry-Perot interferometer drift is less than
1 MHz/min. Figure 6(e) is the on-resonance spec-
trum taken with a peak intensity of 640 mW/cm'
(+10%) and a sodium oven temperature of 530'C.

For off-resonance spectra, the acousto-optic
shifter is placed in the signal beam as shown in
Fig. 4, and the laser frequency is stabilized such
that the pump-beam frequency is resonant with
the (E=2)-(E'=3) transition; thus the signal beam
is held at an accurately known detuning from reso-
nance. The detuning is equal to the oscillator fre-
quency (hv) applied to the acousto-optic crystal. "
Figures 6(d) and 6(f) are off-resonance spectra
taken under the same conditions as Figure 6(e),
but with detunings of —50 and + 50 MHz.

The on-resonance spectrum was also measured
with a lower sodium temperature to reduce Dop-
pler broadening. Figure 7 is an average of four
scans taken with an oven temperature of 450 C
and peak laser intensity of 830 mW/cm' (+10%).

In addition, the weak-field on-resonance spec-
trum was observed at both high (530'C) and low
(450 C) oven temperatures. The spectra, were
single lines, with widths of 9.5 and 6 MHz, " re-
spectively. These lines theoretically have zero
width, and thus are a good measure of the resolu-
tion and instrumental line shape of the apparatus.
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FIG. 6. Theoretical spectra with 0=78 MHz, I'=10 MHz, and detuning 4p. (a) 4@=-50 MHz, (b) As=0, (c) Ap=+50
MHz. Experimental spectra and convolutions (smooth curve) of theoretical spectra with instrumental line shape.
(d) Av=-50 MHz, (e) Ep=0, (f) ~v=+50 MHz. Peak laser intensity 640 mW'/cm2; oven temperature 530'C; vertical
scale 35 counts/large division; scan rate 100 MHz/min.

DISCUSSION

The curves of Figs. 6(a)-6(c) are plots of the
theoretical spectrum [Eq. (i)] corresponding to
the data of Figs. 6(d)-6(f). The vertical lines in
Figs. 6(a) and 6(c) represent the elastic scattering
5 function, whose area in this case is 0.46 times
the total area of the spectrum. The 5 function is
omitted in Fig. 6(b) because the elastic scattering
in the on-resonance spectrum is negligible at this
field strength.

For a comparison of theory with experiment, we
computed the convolution of the theoretical spectra
of Figs. 6(a)-6(c) with the 9.5-MHz-wide instru-
ment line shape of our setup. The convolved spec-
tra are plotted as the smooth curves in Figs. 6(d)-
6(f); the vertical scale, which is identical for all
three plots, was chosen to make the height of the
central peak of the on-resonance convolved spec-
trum equal to that of the experimental one.

In the on-resonance case, the agreement is very
good. The widths of the central and side peaks are
18.8 and 27.3 MHz in the experimental curves and
18.3 and 24.6 MHz in the convolution. The slight
nonuniformity of the laser field may account for

the excess width of the side peaks.
For d v=+50 MHz, the measured Rabi frequency

is very close to that of the convolved spectrum:
0'= [0'+ (&v)']' '= 92 5 MHz. The widths of the
central and side peaks are 11.3 and 19.7 MHz in
the data and 11.0 and 21.5 MHz in the convolved

I I I-100 -50 -0 50 100
FREQUENCY (WHZ]

FIG. 7. On-resonance fluorescence spectrum. Vertical
scale 5 counts/div. peak laser intensity 830 mW/cmt;
oven temperature 450'C; scan rate 100 MHz/min. The-
oretical spectrum shown as smooth curve.



R. E. GROVE, F. Y. %U, AND S. EZEKIEL

spectrum, and are clearly narrower than in the
on-resonance spectrum. The ratios of the peak
heights in the measured and convolved spectra
are in good agreement, indicating that the fraction
of elastic scattering has increased by the predicted
amount.

In the case of hv=-50 MHz, the agreement is
not as good; the total fluorescence is somewhat
less than expected. The decrease of fluorescence
may be attributed to the imperfect o' circular po-
larization of the pump and signal beams. At this
value of detuning a small component of o polar-
ized light in the signal beam would optically pump
some E = 2 (m ~ = 2) atoms into the E = 1 ground
state via the nearly resonant E'= 2 excited state.

With our knowledge of the experimental resolu-
tion and the theoretical prediction' that one-half
the fluorescence is in the central peak (in the
strong-field limit), we can calculate the number
of photons to be expected and coxnpare it with the
observed signal. Our calculation shows that in
the high-temperature on-resonance spectrum
[Fig. 6(e)] 6 X 10 photons/sec would be transmit-
ted at the middle of the central peak. Allowing
for optical losses in the windows and the inter-
ferometer, and 10% (luantum efficiency of the pho-
tomultiplier, we expect about 600 photoelectron
counts/sec. This rough estimate is in reasonable

of 300agreement with the measured peak signal o

counts/sec.
In the low-temperature spectrum of Fig. 7, the

measured widths of the central and side peaks are
about 14 and 19 MHz, respectively, and the side
peaks are 82+2 MHz from the central peak." The
spec ruectrum shows a substantial reduction in the
widths of all three peaks as compared with Fig.
6, consistent with the previously mentioned re-
duction in Doppler broadening. It is compared di-
rectly with the exact theory, plotted as the smooth
curve in Fig. 7 for A=82 MHz. ' The fit is rea-
sonably good, considering that the remaining Dop-
pler broadening and field inhomogeneity have not
been included. The poor signal-to-noise ratio in
the data is due to the small signal of only 45
counts/sec at the central peak of the spectrum.

OBSERVATION OF ASYMMETRIC SPECTRA

19 22Most of the spectra from earlier experiments
showed some degree of asymmetry. In general,
the low-frequency peak was smaller and broader
than the high-frequency peak. Theoretical treat-
ments of the two-level atom problem do not ac-
count for this effect, but the multilevel-atom cal-
culations of Hopf and Milonni ' do indicate some
asymmetry.

In his most recent experiment, Walther22 found

that the asymmetry depended on the polarization
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FIG. 8. On- resonance
spectra from atoms in a
nonuniform field. Laser-
beam intensity profile (a)
displaced -0.5 mm, (b)
centered, (c) displaced
+ 0.5 mm with respect to
lowe r aperture. Under
these conditions, spectra
(d)—(f) were obtained with
0' laser light, and (g)- (i)
with x laser light. Peak

2laser intensity 720 mW/cm .
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of the laser light. The asymmetry of the observed
on-resonance spectra was strong with linearly po-
larized light but very slight with circularly polar-
ized light.

In our experiments we found no asymmetry when
the signal beam was centered directly under the
observation apertures" [Fig. 8(b)], whether the
polarization was circular [8(e)] or linear [8(h)].
However, asymmetry was observed when the laser
beam was translated 0.5 mm along the atomic beam
[Fig. 8(a)]. Figures 8(d) and 8(g), corresponding
to 0' and m excitation, respectively, closely re-
semble the previously described asymmetric spec-
tra. ' ' ' When the sign31 belm was translated
0.5 mm in the opposite direction [Figs. 8(c), 8(f),
and 8(i)], we noticed that the asymmetry reversed;
i.e., the high-frequency peak was smaller than the
low-frequency one.

In the spectrum obtained with m polarization
[Fig. 8(h)], the Rabi frequency is less than that
obtained with o' polarization by the expected
amount because of the smaller effective

~
p,

~

for

ben =0 transitions. In addition, the total fluores-
cence is less in Figs. 8(h) and 8(i) than in 'Fig. 8(g)
because of optical pumping from the I' =2 to the
F= 1 ground state via the nonresonant (E= 2)-
(E'=2) transition. [Note that the curves of Figs.
8(g)-8(i) have different vertical scales. ]

The data of Figs. 8(d)-8(i) may help resolve the
conflict regarding the symmetry of the spectrum
reported in earlier experiments. ""It appears
that if a substantial amount of fluorescence is
collected simultaneously from regions of increas-
ing as well as decreasing laser intensity, an
asymmetric spectrum would be obtained with m

excitation"' and a symmetric spectrum with o+

excitation. "
At present we are unable to explain the effect,

but a more thorough study is being conducted. We
believe that it is not an artifact created by mis-
alignment of the apparatus. In any event, it is
clear that the polarization of the incident radia-
tion is not a major factor influencing the symme-
try of the spectrum. "
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