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Abstract. In this work we present fully time-resolved
spectra of Amplified Spontaneous Emission (ASE) and
Stimulated Raman Scattering (SRS) in sodium vapor.
We observe that the ASE signal precedes the SRS emis-
sion, and the peak of the amplified Stokes pulse is delay-
ed with respect to the peak of the laser pulse. The time
evolution of the line widths of the ASE and Raman
signals is also shown. We find that the line widths of the
stimulated fluorescence component (ASE) and the stimu-
lated Raman radiation change with time. Both spectra
start as small narrow fluctuating lines, then the line
widths reach maximum values and thereafter decrease
with time.

PACS: 32.80.Wr; 32.90.+a

Recently, there has been some interest in studying atom-
field interaction dynamics in the framework of time-
dependent spectra and also a great deal of effort has been
put towards demonstrating that the dynamics of atomic
collisions can be modified by the presence of intense laser
fields.

A lot of theoretical work has been reported but the
time-dependent spectra were measured only in relatively
few experiments. Golub and Mossberg [1] measured the
transient spectra of strong-field resonance fluorescence.
Shevy and Rosenbluh [2] did not fully present the time-
resolved behavior of the emission of parametric four-
wave mixing and stimulated three-photon scattering, but
they rather gave the qualitative time evolution of the
processes. In this work we present the fully time-resolved
dependence of the Amplified Spontaneous Emission
(ASE) and Stimulated Raman Scattering (SRS) spectra
in sodium vapor. During the near-resonant excitation of
the P, excited state of sodium by a laser beam, collision-
ally induced ASE and SRS were observed [3]. The
production of ASE due to the 3%P,,,—3%S,,, transition
(the D, line) and SRS connected with the 32P,,, 32P,,
levels in sodium vapor mixed with helium was described

theoretically by Czub et al. [4] and measured recently by
Konefal and Ignaciuk [5]. These effects were also inves-
tigated by Dabagyan et al. in a mixture of potassium
vapor with heltum |6, 7].

The radiation field interacting with a three-level sys-
tem is essential in many problems of quantum optics,
€. g., pulse propagation (including solitons), stimulated
Raman scattering, superfluorescence, and parametric
amplification. In the usual theoretical treatment of Ra-
man scattering, the pump laser is assumed to be tuned to
a far-off resonance from any higher intermediate state
which provides the dipole coupling that allows Raman
scattering. Distinct Raman and fluorescence components
occurring simultaneously on the same transition were
observed in experiments. Wynne and Sorokin [9] noted
separate spectral components and their competition,
when tuned near a resonance line in potassium vapor.
Raymer and Carlsten [10] observed the simultaneous
amplification of both Raman and fluorescence light in
experiments on atomic thallium in argon buffer gas.

The study of SRS allows a better understanding of
some issues that are involved in the distinction between
ASE and superfluorescence. One can say that when the
dephasing rate is sufficiently high to overcome the ten-
dency of the atoms to emit coherently, then the emission
is incoherent and ASE-like. Otherwise, it is coherent and
superfluorescence-like. From the quantum-optics theo-
retical point of view the SRS problem is interesting be-
cause of the necessity to treat it in a time-dependent
manner, including spatial propagation in the presence of
spontaneous quantum noise and collisional dephasing
noise. The quantum theory of stimulated Raman scatter-
ing which takes into account three-dimensional propaga-
tion and collision dephasing allowing the study of the
spatial and temporal coherence properties of generated
Stokes light, was developed by Raymer et al. [11]. Swan-
son et al. [12] showed that as little as one input Stokes
photon per temporal mode can influence the phase of a
Raman amplifier, providing convincing evidence that a
Raman amplifier can indeed be operated close to the
quantum limit. A few initial scattering photons which
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seed the stimulated gain process giving rise to the well-
collimated beam with a relatively narrow bandwidth, a
high degree of spatial coherence, with a well-defined
phase, amplitude, and temporal structure on any given
shot. However, since the process is initiated by random
zero-point motions of the field, the fluctuations of the
phase of the field were observed to be uniformly and
randomly distributed from shot to shot.

1 Theoretical considerations

1.1 Population redistribution in NaHe system

Let us consider three-level atoms with energy levels
E, < E,<E; in the field of laser radiation that is quasi-
resonant with the 13 transition. Transitions 1-3 and
1-2 shown in Fig. 1. are allowed in the dipole ap-
proximation. The collisions with buffer atoms make tran-
sition between levels 2 and 3 possible. When the laser
frequency (v;) is detuned from the 3§,,-3%P,, reso-
nance, two different physical processes can occur: am-
plified spontaneous emission (vag) and excited-state
Raman scattering (vgs). In the experiments, the excited
state 3P;, is first populated by the laser pulse and the
collisions with buffer gas result in the population of the
3P, state, from which stimulated ASE and SRS scatter-
ing next occur. These events are displaced against each
other in time. For the case of resonant pumping these
two contributions to fluorescence cannot be separately
identified. For off-resonant pumping, however, the two
processes are spectrally distinguishable because of the
difference in the frequencies of scattered photons. It
should be mentioned that the terminating virtual state
for Raman scattering is placed near the S, , state (Fig. 1).
It means that this state is a dominant intermediate state
for the process mentioned above [8].

The relationship which theoretically explains the pop-
ulation inversion between the 3P, ;, and 325%* levels,
which is important for Raman generation, follows from
the detailed balance principle and is expressed by

_(E3_E2)>’

V23 =27’236Xp( kT (1)

where y;, is the collisional transfer rate from P;, to Py,
while y,, corresponds to the opposite process. As demon-
strated in [4], in the pressure and laser intensity ranges
corresponding to the experiment the populations of 3P, ,
and 3S,,, are very close to the half-population of the
3P;;, level. The inversion occurs when {13]

2Y322Y23+ 715 (2)

where 7, is the radiative damping constant. It is very easy
to show, using the data presented in [13], that (2) is
satisfied for all buffer gas pressures which were used in
our experiment. As mentioned above, the ASE and SRS
effects are caused by the effective population of the 3°P, ,
level, resulting from collisions of the excited sodium
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Fig. 1. First three energy levels of sodium, with the driving laser at
frequency (vp, tuned near the D, transition. The collision-induced
fluorescence at vagp. Electron Raman scattering at the Stokes fre-
quency vgps. The collision transfer of population is shown as broken
lines

atoms with buffer gas atoms during the laser pulse. When
taking into account that for atmospheric pressure of He,
73, for the NaHe mixture is of the order of 10'° 571 it is
evident that this transfer of population is highly effective.

The inversion between the ground and first excited
level can be achieved only when strong absorption of
laser light takes place. One can easily show [14] that the
absorption in the region of the principle resonance line
(e. g., the D, line) will be strong over a wider range of
detuning of the laser pump.

1.2 Saturation

Additionally, at high intensities of the laser pump (7,),
the density n, of the lower state can noticeably decrease
while the upper state density »; increases as mentioned
above. In this case the saturation process should be
included in our considerations. I, may be written in
terms of the absorption cross-section and the decay time
T, of the upper level of the transition. For a pulse shorter
than T; (in our case T;=1.6 x 10~ % ns, the laser pulse
about 8 ns), the saturation is characterized by a satura-
tion energy flux (energy/area), E /A4 = L, T, = hw/
20 [18]. In the case considered the estimated value for
resonance excitation is of the order of 3 x 10~ 13 ¢m?, and
therefore the corresponding saturation energy flux is
~2.4 x 1073 J/m?. This value is estimated for resonance
excitation, and it will increase as the square of the detun-
ing {rom the resonance. The experimental values of the
saturation energy densities are even five or six times
greater than those calculated [14].

Taking into account our measurements of the depen-
dence of ASE and SRS energies on the excitation inten-
sity [5] (Fig. 5), it can be noted that the saturation starts
from the laser intensity of 7 kW. In this experiment, the
laser beam was focused on the input face of the cell to
a diameter of about 1 mm, giving an experimental value
of 1.8 x 1072 J/cm? for an 8 ns laser pulse. This is the low
limit value, since inside the cell the diameter of the waist



of the beam can be narrowed. The rigorous treatment of
atom saturation requires a dynamic approach. In our
theoretical estimations we take into account only the
single-photon absorption saturation parameter, whereas
in practice atom depletion is also present. In this experi-
ment the atoms can be recirculated many times during
the pumping pulse. The ASE process brings the atoms
from the 3P, level very fast back to the ground state,
and the atoms are again available for the pump pulse.
The SRS process takes the atoms away also from the
3P,;, level but, as seen in Fig. 1, it leaves them in the
3P;, state. From this state the atoms are also very fast
transported by collisions (y;,~10'°) to 3Py, and par-
ticipate again in the generation of SRS or ASE signals.
Such a rapid recirculation of atoms prevents saturation
in the system.

1.3 Small-signal gain

Weak spontanecus emission can be treated as an injected
Stokes signal. Following the approach described by
Dreyfus and Hodgson [20] only Stokes light emitted into
a solid angle passing out the end of the pumped region
experiences the maximum gain. An additional simplifica-
tion follows from the observation that the gain should be
large enough so that only photons emitted spontaneously
near the entrance to the cell are important. The spon-
taneous starting level can be calculated by the use of the
ordinary Raman scattering cross-section for Na [§8]. For
very small ratios of the injected Stokes Ifin)-to pump
intensity (Iy), the relation for the gain G in the amplifier
can be written in the form I (out)/I (in)=exp(Gz),
where z is the propagation distance [19]. The energy
conversion efficiency in our systems for generating ASE
or SRS is known to be of the order of 1% [3]. Hence,
I(out)=001-1I, and therefore GL=Im{(0.01-1,/
I, (in)). The value calculated from the latter equation for
Gz is 26. The I (in) was calculated according to the
procedure given in [19]. It should be mentioned that
taking the standard value for the residual quantum noise
at a Stokes frequency of I,(0)=10"* W/cm?, a thresh-
old gain equal to 25 can be obtained [21]. Such a theoreti-
cal simplified model based on the notion that the output
is only due to amplified spontaneous Raman scattering
yields, in fact, a gain value much higher than that ob-
served. It should be mentioned that the small-signal gain
was estimated in [3] for ASE to be equal to 22.

1.4 Spectral characteristics of one- and two-photon
pulse amplifiers

In general, the spectral line of the ASE signal in a single
quantum amplifier is a combination in a certain propor-
tion, of Gaussian and Lorentzian line shapes. For homo-
geneous broadening, which is important in the case con-
sidered, when we deal with high buffer gas pressure and
no saturation, the gain is Lorentzian. The spectral width
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can be simply written in the form [22]

In2
Avpom=Avs |/ — 3)
v =A% |/ (

Thus, the narrowing effect becomes important when the
product g;(0),,m-z is greater than unity. For an un-
saturated inhomogeneously broadened amplifier, a sim-
ilar narrowing effect takes place.

When the intensity of the amplified spontaneous
emission reaches the saturation level, the behavior of the
spectrum becomes considerably more complex. Gener-
ally speaking, in a homogeneously broadened amplifier
the saturation slows the narrowing process down, while
in an inhomogeneously broadened amplifier it restores
the line to its original inhomogeneous shape [22].

The spontaneous or low-gain Raman scattering has a
spectral width given by the sum of the Raman line width,
I'(HWHM), and the laser bandwidth I . When the laser
bandwidth is much smaller than the Raman line width,
the spontaneous scattering has a Lorentzian half-width
of I When the gain becomes high (Gz>1), the gain
narrowing distorts the Lorentzian line shape by amplify-
ing the central part of the Stokes line more strongly than
the line wings. The SRS has the same spectrum as the
laser when the spectrum of the latter is broader than that
of the scattering line. For steady-state high-gain Stokes
intensity I,(z, o), the Stokes spectrum is found to be [ 23]

P.(w)=1,(z,0) (%) exp (—%a)z). “

This equation describes a gain-narrowed line profile. The
spectrum becomes Gaussian with a gain-narrowed line
width of about I'/(Gz),),.

Experimental measurements of Stokes line widths
have revealed a very considerable broadening, with line
widths up to two orders of magnitude greater than the
Doppler width of the Raman transition.

1.5 Dephasing time

For an undriven atom, the dipole moment decays to zero
in the characteristic time 7', which is known as the dipole
dephasing time. The dephasing time of Raman scattering
medium is defined as the inverse of the Raman scattering
bandwidth T,=1/n4v,. In order to determine T, one
should take the value of Av, equal to the line width of the
Stokes signal (2I'=Av,). It is known that there is a
discrepancy between the theoretical and experimental
values of the Stokes line width [14]. However, the SRS
experiments with potassium and cesium show that by
taking values of I" equal to the observed line widths of
the Stokes output it is possible to obtain a reasonable
agreement between the measured and calculated values
of the threshold and tuning range [14]. We simply assume
that this empirical procedure is fulfilled also in our case.
The last equation implies that for the observed line width
of the order of 1 cm™!, the response time 7, is about
0.1 ns.
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1.6 Temporal and spatial properties of stimulated
processes

The three-dimensional nature of the propagation can
lead to the interference of the light, in different spatial
modes, resulting in the formation of a speckle pattern on
the generated Stokes beam. The spontancous scattering
excites many radiation modes with random phases,
whereas the propagation through the pencil-shaped
pumped volume filters the light spatially and amplifies
only modes within some small solid angle. For larger
solid angles, several or many modes are amplified and
propagate out of the end of the medium, giving rise to
an interference or speckle pattern. The spatial properties
of the stimulated signal depend on the Fresnel number
F=A/A,-L, where A and L are the cross-sectional area
and length of the pumped volume and A, is the Stokes
wavelength. When F'is close to unity, the field is assumed
to be in a single spatial mode. As F increases, more and
more spatial modes are excited. When the collisional
dephasing rate I is sufficiently small to have no effect
during the Stokes pulse, the scattering is said to be in the
transient regime. This is true when the laser pulse dura-
tion 7, satisfies . I'< G L. This arises from the require-
ment that dephasing can be negligible for the duration of
the Stokes pulse. This is not the case in our experiment.

We should take into account that in the Stokes signal
we can have more then one temporal mode. Temporal
fluctuation of Stokes intensity results from the inter-
ference between different temporal modes. When F and
1. I'/GL are small (<1), a single spatial-temporal mode
is dominant in the Stokes emission. When F=1 and
7. I/GL is large, a single spatial mode is present and
many temporal mode are excited, i. e., the pulse is not
temporally coherent. Such events should be observed in
our experiments. The ratio I't/GL is approximately
proportional to the number of temporal modes excited.
The number of excited spatial modes is proportional
to F2.

2 Experiment

The experimental apparatus is shown in Fig. 2. A grazing
incidence-type dye laser, pumped by a N, laser, was used
to give 8 ns pulses with a peak power up to 15kW and
a line width of 0.1 cm™*. This laser is described in detail
clsewhere [5]. Instead of one-stage amplification, two-
stage amplification was used. The experiment consisted
in irradiating a 12 cm column of sodium vapor contained
in a pyrex cell working in the heat-pipe regime. Noble
gases were admitted to the cell at pressures in the range
of 25 to 100 kPa.

Mirrors and beam-splitters were installed in the set-up
to investigate the stimulated emission after one (SP) or
two passes (DP) of the pump laser and of ASE and SRS
beams through the cell. The radiation leaving the cell was
focused on the entrance slit of the spectrograph. Instead
of a photographic plate, the spectrograph was equipped
with commercially available macrophotography lens al-
lowing magnifications of the output spectra. A beam
splitter divided the magnified beam into two light paths.
A movable slit driven by a stepping motor was placed on
one of the paths. The light signal in this path was regis-
tered with a fast (1.2 ns rise time) photomultiplier. Using
the signal divider the lines from the sodium lamp (posi-
tion markers) and pulse signals (ASE, SRS, laser) av-
eraged by a boxcar gate could be measured simul-
taneously (using a voltmeter). The boxcar 220 ps gate
was moved in 0.5 ns steps by a computer via a voltage
source. At each frequency step, the boxcar gate moved
in time and in each position the signals are accumulated.

The pulse energy of each laser shot was measured, and
the signal was stored in the computer memory only if the
pulse energy was within a small percentage of a preset
value. The resolution is an important issue in the experi-
ment. The narrowest laser line observed was 0.01 cm ™'
The spectral width of almost all the features reported was
not instrumentally limited. In the second path the signals
were detected by a linear photodiode array. The instru-
ment was designed to observe spectrally and temporally
resolved stimulated emission from the cell.

Dye Energy IBM
Laser Meter T
: I
! NN\ IEC 625
NOR System
RL
&——- ~LLPa L
PM ~ Photomultiplier — VM T
BF — Band Filter 1
5M — Stepping Motor - oM |— BF | BOXCAR ||
RL - Reference Lamp BCI 280 . . )
VM ~ Volt Meter Fig. 2. Schematic of the experimental
apparatus

LPA - Linear Photodiode Array
L - Lens
5 - Slit



3 Results and discassion

In the experiment, we measured the temporal and spec-
tral evolution of the ASE and SRS signals as a function
of intensity and frequency of the exciting radiation, and
of the buffer gas and sodium vapor pressures.

Figures 3 and 4 show the temporal evolution of the
spectra. Three well-resolved peaks can be distinguished:
the pump laser line on the left, the ASE line in the center
and the SRS line on the right. The pump laser, ASE, and
SRS signals were obtained in a sequence of slit scans.
A slightly different time (0.5 ns scan) was chosen for each
scan. Laser detuning was 3 cm ™, the buffer gas pressures
were 89.0 kPa and 76.6 kPa, respectively. We found that
the ASE and SRS signals were present only during the
laser pulse. Generally, the ASE and SRS signals are
delayed with respect to the pump pulse. This fact reflects
the time-dependent collisional transfer of population to
the upper 3P, state. From these spectra it can be seen
that the ASE signal appears first. In course of time, the
SRS signal begins to grow. The SRS signal lasted ap-
proximately 0.5 ns longer than the ASE one, which was
no longer detectable. The initial growth of both pulses
depends on the gain value for those two processes. Be-
cause the fluorescence amplification results from a one-
photon transition, it will, in general, be amplified quicker
than the two-photon Raman process. This type of behav-
ior was confirmed by theoretical calculation carried out
by Herman et al. [24].

These two spectra demonstrate also how the buffer
gas pressure influences the ASE and SRS signals for this
large laser detuning (3 cm™'). As shown above, a rather
strong absorption occurs even when the laser is detuned
far from resonance, but the collision not only can greatly
enhance the excitation by breaking the adiabaticity or
shifting the energy levels of the active atom into res-
onance with the external field, but also recirculate the
population between the fine-structure sublevels. Thus,
for higher gas pressures, the population of the 3.5, level
is very efficiently transferred to the 3P, level via the
3P;,, level, and consequently, the ASE component [5]
grows more rapidly with pressure than the Raman com-
ponent. Additionally, the strong single-photon absorp-
tion process takes significant amount of energy away
from the pump pulse. Raman scattering is known to
result from two photon processes. It means that the
Raman component strongly depends on the pump laser
intensity.

At lower pressures and large detuning the Raman
component can completely dominate the ASE one, so
that the latter is never amplified. This is exactly what can
be seen in Fig. 4. One should bear in mind that the
population of the 3P, ,-35,, levels is inverted only when
the relation given by (2) is satisfied. This inversion, as
mentioned above, is connected with the ASE signal. In
the case of the Raman transition, the inversion between
3Py, and 38, levels (which is required for the genera-
tion of the SRS signal) is fulfilled even at low buffer
pressure, this resulting from (1). This pressure should be
high enough that the inversion takes place in time shorter
than that of the laser pulse.
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Fig. 3. Three-dimensional plot of the recorded pump laser, ASE and
SRS signals consisting of data obtained in sequence of slit scans.
A slightly different time (0.5 ns scan) was chosen for each different
scan. Helium pressure 89.0 kPa, laser detuning A=3 cm~!
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Fig. 4. Time evolution of the spectra obtained by moving the 200 ps
wide boxcar gate in 0.5 ns steps. Buffer gas pressure 76.6 kPa, laser
detuning A=3 cm !

A reduction of the duration of the pulse after it had
passed the cell was observed. The laser pulse changes its
duration from 8 to 3.5ns. The change in the width is
connected with the strong absorption of the leading edge
of the pulse. This absorption pushes on the inversion in
the system.

Figure 5a shows the temporal evolution of the ASE
and SRS signals for two temperatures of the cell (395° C
and 422° C). The helium pressure was 77.8 kPa. Figure
5b displays this evolution for a cell temperature of 395° C
and for a He pressure of 97.1 kPa. Detuning was
1.4cm™! and the laser power 15 kW. This dependence
was obtained using a single pass cell configuration. Fig-
ure 5a shows that for the rather low helium pressure
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(77.8 kPa) the SRS signal is roughly 0.5 ns delayed rela-
tive to the ASE signal. Also the intensity of the SRS
signal is higher than that of the ASE signal in the middle
and end parts of the signals. The intensity ratio of the
SRS and ASE signals increases with growing tem-
perature. This effect is connected, on the one hand, with
the decrease of the ASE signal and, on the other hand,
with the increase of the gain for SRS signal. The decrease
of the ASE signal is apparently due to absorption of the
ASE photons at the end of the cell where the laser pump
is too small to build up the population inversion of 3P,
with respect to the 35, , state. The ASE signal is resonant
with the 3P,,,—~385,, transition, but the Raman light can
propagate through a medium which is almost trans-

parent for it, because this signal is not in resonance with-

any real transition [5]. The delay between the intensity
maxima of the ASE and SRS signals also increases when
increasing the cell temperature. In this case the duration
of the SRS signal is also longer than that of the ASE.

Figure 5b exhibits the temporal behavior of the ASE
and SRS emissions for 97.1 kPa buffer gas pressure. The

temperature of the cell was 395° C and the laser power
was 15 kW. It can be seen that for high buffer gas pres-
sures the time duration of these two signals is nearly the
same and the ASE and SRS appear and delay roughly at
the same moment. Only the maximum of the SRS inten-
sity is delayed in comparison with the ASE maximum, as
in the low pressure case.

Figure 6 depicts the temporal behavior of the ASE
and SRS components for large detuning of the pump
laser. As can be seen, for large detuning the time duration
of ASE (even for high helium pressure) is shorter than
that for small detuning. In the case of large detuning and
at high cell temperature, the maximum intensity of SRS
is almost three times as high as that of ASE. In the latter
case, the suppression of the ASE component by the
Raman component is considerable even when the buffer-
gas pressure in the cell is high. As mentioned above, the
intensity of the ASE signal decreases with an increase of
the cell temperature if the laser power is too small to
build up the population inversion in the whole cell. Addi-
tionally, for large detuning of the pump laser, the absorp-
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Fig. 6. Temporal behavior of the ASE and SRS
components for large detuning of the pump
laser (A=2.4cm™!) and a high cell temperature

tion is not as high as in the case of near resonance
pumping and then, as already known, the Raman com-
ponent grows more rapidly than the fluorescence one.

Our experimental set-up allows also measuring line
shapes for the SRS and ASE signals. As shown in [25],
the shape of the energy spectrum of SRS fluctuates from
pulse to pulse. The energy content of each Stokes pulse
is expected to be a random quantity due to quantum
noise. The initial fluctuation can be amplified to obtain
large-scale fluctuations in the energy, spectrum and tem-
poral shape of the output pulse. These temporal fluctua-
tions connected with our experimental set-up did not
allow us to see any ringing oscillations of the ASE and
SRS components. Such a structure would be washed out
in our boxcar averaging system. It should be mentioned
that in our experiment the laser beam was strongly fo-
cused on the cell, the Fresnel number was less than unity,
and a single spatial mode was excited. The temporal
fluctuation of the Stokes pulse intensity were studied
experimentally by Ramer et al. [26]. They found that the
pulse shape varies randomly from pulse to pulse, for an
interaction volume with a small Fresnel number. In
general, the shape of the Stokes pulse is found by the
linear combination of all the temporally coherent modes
with random weights. As shown in Sect. 1-6, one should
have many temporal modes in the system.

A related observation was also made in the frequency
domain. By examining the Stokes pulse-energy spectrum
of successive shots, MacPherson et al. [27] observed spec-
tral fluctuations that correspond to a random excitation
of temporally coherent modes. It was found that the
spectrum of a single Stokes pulse has several peaks, each
of which was much narrower then the ensemble-averaged
line width. The position and widths of the peaks varied
randomly from one Stokes pulse to another although the
ensemble-averaged spectrum was in agreement with the
gain-narrowed spectrum predicted by the theory.

As mentioned above, the first spontaneously scattered
Stokes photons, which travel in the proper direction, can
serve as a source of such fluctuations in the strong am-
plification case. One should also take into account that

the conventional dye laser carries, with some background
emission, a spectral distribution centered around the
maximum of the tuning range. The dye laser background
usually shows the mode structure of the cavity. Such
photons can serve as input photons of one-pass amplifier.
The output signal should have a similar periodic struc-
ture. Such a dye-dependence of some emissions
generated by the axially phase-matched parametric six-
wave mixing processes was reported in [28].

If the amplifications take place in the linear regime,
where neither laser field nor atomic population are de-
pleted, the statistical properties of the initiating photons
are preserved. But if the amplification takes place in the
nonlinear regime, than it is expected that the statistical
properties of the initiating photons will be modified
during amplification. This effect was predicted theoreti-
cally by Lewenstain [29] and investigated experimentally
using the SRS signal by Walmsley et al. [30] and the ASE
signal by Radziewicz et al. [31].

Typical examples of the ASE and SRS spectra with
periodic structure for low- and high-gain media are ex-
hibited in Figs. 7a and 7b. The spectra were measured as
a function of time, after one pass through the cell. The
average laser power was 7 kW. As can be seen in Fig. 7a,
the mode structure is very well resolved in the case of low
gain in the system. When the gain increases the mode
structure starts to be washed out (laser pump power
9 kW). Of course, the experimental curve still has some
statistical variations due to the small ensemble used and
the poor spectral quality of the exciting beam. We re-
member from the theoretical considerations that above
the 7 kW pump power level, saturation takes place.

In order to find how the background laser emission
influences the mode structure of the generated spectrum
we cleaned the output laser beam using a preliminary
monochromator. A Jobin-Yvon diffraction grating of
1800 I/mm was used to increase the spectral purity of the
beam. Such spectral purity is important in preventing
undesired seeding of the ASE and SRS signals. The
example of an ASE spectrum obtained in this way is
shown in Fig. 8 which shows that the temporal evolution
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of the ASE power spectrum resulting from averaging of
5 shots per point is consistently regular. In the case of low
laser power and small detuning the Raman component
is suppressed by the ASE one, since the fluorescence
component grows quickly enough and much of the pump
light can be converted to fluorescence before the Raman
component becomes stimulated. Figures 9 and 10 show
the relative intensity, the line width (HWHM) of the ASE
and the pump laser intensity as a function of time in the
case when only ASE is generated. These measurements
demonstrate that the bandwidth of the ASE radiation
first increases with time, beginning with a small fluctuat-
ing value, then attains its maximum and thereafter de-
creases with time.

Figures 9 and 10 show how the ASE bandwidth
changes with time at small (34.6 kPa) and high (83.8 kPa)
buffer gas pressure. For high buffer-gas pressure the
change in the width in time is small and the ASE signal
is broader than in the case of small pressure. This behav-
ior can be explained as a contribution of pressure
broadening to the line profile. The width of the ASE
signal is about 1cm™! at the maximum and narrows
down to about 0.5 cm ™! at the end of the pulse. Intuitive-
ly, such a change in the ASE line shape with time can be
explained by taking into account that during the tran-
sient build-up of the modes from spontaneous noise,
mode competition is not important since initially the gain
is unsaturated. Many modes can then be initially estab-
lished. In the ASE or Stokes spectrum the dominant
frequency component appears near the line center as the
signal progresses in time, where the gain is bigger. All
other frequency components are in a spectral region with
less gain. Such an effect produces a gain-narrowed line
in the tail of the pulse. Such a narrowing in the one-
photon amplifier was predicted by (3).

Figure 11 indicates how the Raman line width and
intensity change in time for different helium pressures
and large detuning. The biggest Raman intensity was
obtained for the lower gas pressure. For this pressure the
SRS line width is also narrowed. As already known, for
large detuning and low buffer-gas pressure the ASE sig-
nal is suppressed, and in this case the gain of the SRS
signal increases. In fact, one may expect that for large
gain the line width will be reduced in accordance with (4).
A pressure broadening effect should also be included in
the line profile. One should take into account that with
the pump radiation in the form of pulse, the central
frequency of the Stokes wave would be swept during the
pulse. There would also be pulse reshaping of the Stokes
wave during its propagation, due to the spread of fre-
quencies implied by its pulse shape experiencing different
gains. In addition, the ASE transition can drastically
shorten the effective lifetime of the Raman level, thus
resulting in broadening of the Raman transition. These
effects are therefore sources of line broadening. The re-
sulting line profile, as mentioned above, becomes the
convolution of the line profiles produced by each in-
dividual process.

Figure 11 shows that the spectral line width of the
generated Stokes radiation is in the range 0.2-1.2 cm™*,
and within this range the line width is observed to in-
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crease as the buffer gas pressure is raised from 65.9 kPa
to 89.0 kPa. Figures 9-11 indicate that the change in the
line profile in time for SRS is similar to that of ASE. This
is not surprising since, as mentioned carlier, the Raman
emission is ASE-like in our case. In the homogeneously
broaded amplifier the gain-narrowed process takes place,
as follows from (3) and (4) for both types of amplifiers.

4 Conclusion

A detailed study of the spectral and temporal characteris-
tics of collision-aided stimulated processes in sodium
vapor in the presence of helium is presented. It was found
that ASE and SRS are only present during the laser
pulse.

We showed that the ASE signal appears first. This
type of behavior is confirmed by the theoretical calcula-
tions of Herman et al. [26]. It is further shown how the
variation in the pressures of the sodium vapor and buffer
gas and detuning influence the time evolution of the ASE
signal and Raman emission.

The spectral line widths of these signals change in
time. Initially, the fluorescence and Raman radiation are
small narrow fluctuating lines. Then their line widths
reach the maximum value and thereafter decrease with
time. The change in the line profile with time for ASE and
SRS is thus similar.

Both line widths change in time from 0.2cm ™! to a
maximum of 1.5 cm~! during the time interval the sig-
nals are generated. At the end, the line widths are of the
order of 0.5cm™!. This agrees with the results of most
previous time-independent measurements where the
Stokes line width typically varies from 0.3 to 1.0 cm™*!
when using 0.1 cm ™! line width pump sources [31].
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