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The fine structure of potassium atom emission spectrum at A = 4044/47 & (5P;/2,1/2 — 4S,/» transition)
is investigated in an intense ruby laser field and Stokes SRS radiation of nitrobenzene. The observed
structure is found to depend strongly on the field intensity and vapor pressure. As a result the conclu-
sion is made that field splitting of energy levels is the basic factor determining the structure of the

A = 4044/47 A lines. Its theoretical interpretation is given by the ‘‘three-strong-fields model.”” The
number of the fine structure components and the line shift relative to the atomic transition frequency

obtained in the experiment are compared with theoretical values. Multiphoton emission lines shifted
relative to the 5P — 4S transition frequency towards lower and higher frequencies are observed and

explained.

1. INTRODUCTION

RECENTLY, a large number of reports were published
on the propagation of high power radiation through a
resonance medium. The resonance nature of the inter-
action between strong fields and atoms leads to a variety
of effects such as shifting and splitting of atomic levels,
broadening of the emission spectrum that passed through
a medium, and a high probability of multiphoton proces-
ses of absorption, emission, and scattering of light.
These were reviewed in detail in**-*'. The rarity of
media with energy level transition frequency close to
that of high power laser emission is the reason for the
large amount of research performed with potassium
vapor. The frequency w,; of the 6S;. — 4P; /. transition
of a potassium atom (Fig. 1) is close to frequency wR of
ruby laser emission (wz; = 14407.1 cm™, wR

= 14399.3 cm™) while frequency w,, of the 48,4 — 4P,
resonance transition is close to Stokes SRS frequency
wg of this emission in nitrobenzene (w,o = 13042.9 cm™®,
wg = 13055 cm™).

Simultaneous irradiation of potassium atoms by the
ruby laser emission and its Stokes SRS component in
nitrobenzene significantly populates levels
4Ps/2,1/2 (1, 1), 6S.p (2), 5Ps/2,1/2 (3, 3/) and 4Ds/z,3/2 (4)
(Fig. 1) due to the single- or two-quantum absorption
of photons with frequencies wR and wg and their Raman
scattering. All observers working under these conditions
report an intense directed emission at frequencies
Wag, W3, and Wy = WR — W3y, Wy = WR — W31, in the infra-
red spectral region, as well as at wso, W30, W10, and Wio
in the visible region**!, According to"*>*? violet
lines wso and wj, had an anomalously broad spectrum
with a ‘‘dip’’ in the center of the line, while red lines
w1 and Wi, were shifted 1.5—2 cm™ towards longer
waves relative to the atomic transition.

In the present paper we describe the results of inves-
tigating potassium vapor emission spectrum in the reg-
ion of violet lines wso and w3 (A = 4044/47 A). Emission
in this region consists of three groups of lines:

1. Comparatively weak lines shifted a few tens of

cm™' towards longer waves relative to wso (they are
henceforth called ‘‘long-wave lines’’);

2. Emission whose wavelength is shorter than wso
and whose spectral structure varies with conditions
(‘‘short-wave lines’’);

3. Lines wso and w3, with complex structure.

We were mainly interested in the fine structure of
lines A = 4044/4047 A, which depends strongly on the
potassium vapor pressure and the power of the laser
and SRS emissions. The observed structure is interpre-
ted as a consequence of one of the basic effects of non-
linear spectroscopy, i.e., splitting of atomic levels in
electromagnetic field'?!. The essential difference be-
tween our case and the recognized manifestations of
this effect!*?**’!®) consists in the fact that potassium
atoms are exposed to a field whose spectrum contains
several monochromatic lines splitting the level into
many components (rather than into two as in a mono-
chromatic field).

2. THE EXPERIMENTAL SETUP

Figure 2 shows a diagram of the experimental setup.
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FIG. 1. Diagram of potassium terms. Solid arrows correspond to
“strong fields,” dashed arrows designate potassium emission lines in
the violet spectral range.
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FIG. 2. Diagram of experimental setup. 1—ruby laser; 2—photo-
tropic shutter; 3, 4—ruby laser amplifier; S—nitrobenzene cell; 6—po-
tassium cell; 7, 9—lenses; 8—Fabry-Perot etalon (IT-51-30); 10, 11—
plane-parallel beam splitters; 12—prism; R; —mirror; R,, R; —glass
and sapphire plane-parallel plates respectively.

(K-19 glass or phthalocyanine dye in nitrobenzene with
initial transmission of 13%) and power output Pg

= 30 MW is amplified up to PR = 100 MW by a laser
amplifier using rubies 3 and 4. Mirror R, (T = 0.1%)
and a stack of glass (Rz) and sapphire (Rs;) plane parallel
plates spaced 0.3 cm from one another formed a resona-
tor with axial mode selection. This in conjunction with
the selection properties of phototropic shutters nar-
rowed the laser generation spectrum down to 0.01 cm™.
To monitor the spectral composition of laser emission

a portion of the beam was diverted by beam splitter 10
to a Fabry-Perot etalon (IT-51-30) crossed with an
ISP-51 (UF-84 camera). The absolute value of laser
emission frequency was shifted by varying the tempera-
ture of the ruby crystal™®’ (wR = 14401.6 cm™ at tg
=0°C; Awg/At~ —0.135 cm™/°C). Crystal temperature
was monitored by a graduated chromel- copel thermo-
couple connected to an M-95 type galvanometer. The
‘“‘hot’’ junctions of the thermocouple were in contact
with the lateral surface of the crystal and the ‘‘cold’’
junctions were placed in a vessel with melting ice.

A portion of laser emission was diverted by beam
splitter 11 to a TsV-3 photocell. The photocell signal
passed through a U3-5A amplifier to the plates of an
S1-10 oscilloscope. This allowed us to determine the
length of the laser generation pulse which turned out to
be 30 nsec (at one-half amplitude).

The unfocused beam of laser light passed through
cell 5 with nitrobenzene and excited there the Stokes
component of SRS. The power of this component was
determined by the laser emission intensity and amoun-
ted to Pg =5 MW for PR = 100 MW. The scattered emis-
sion spectrum was broad (several cm™). Furthermore,
stimulated Mandel’stam-Brillouin scattering (SMBS)
also was excited in the nitrobenzene cell. We observed
Stokes and anti-Stokes components of SMBS and their
harmonics, shifted 0.2 cm™ from wR. At high laser
powers the intensity and width of SMBS components
were comparable to those of the laser emission line.

The laser, SRS, and SMBS emissions propagated
simultaneously along the axis of cell 6 containing satur-
ated potassium vapor. The cell was a tube of molyb-
denum glass 16 mm in diameter and 600 mm long fitted
with sapphire windows and placed within a metal jacket
with end-face windows. The reason for the sapphire
windows was the fact that sapphire does not interact
with potassium and thus ensures a protracted availabil-
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FIG. 3. Spectrogram of multipho-
ton emission lines shifted in the long-
wave direction relative to the fre-
quency of the SP-4S transition (“long-
wave lines™).
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ity of clean windows. Glass, however, darkens rapidly
at 200—300°C (owing to chemical interaction of potas-
sium atoms with glass components). The glass tube was
first evacuated to 10~ Torr and then filled with distilled
(to remove impurities) metallic potassium. Next the
tube was cut off from the vacuum nozzle and inserted in
the metal tube, leaving a 3—5 mm air gap between the
glass (with potassium) and metal tubes for the passage
of heated air to bring the potassium up to 100—350°C.
To prevent potassium from condensing on the windows
the jet of hot air from the heater was first directed
against the windows and then allowed to pass the re-
mainder of the tube (Fig. 2). In this arrangement the
air temperature was 30—40°C higher at the windows
than in the other parts of the tube. The potassium cell
temperature was measured with a graduated chromel-
copel thermocouple connected to an M-194 galvanome-
ter. The ‘“hot’’ junctions of the thermocouple were
placed at the air exit from the cell, and the ‘‘cold”’
junctions were immersed in a vessel with melting ice.

The emission spectrum from the potassium vapor
cell was photographed with a DFS-8 spectrograph
(second-order dispersion 1.37 A/mm (or 8.5 cm™*/mm
in the violet region), instrument width 0.15 cm™) on
RF-3 film or ‘‘Infra-760’’ plate. The absolute values of
fine structure frequencies of the recorded lines were
determined from base lines of iron spectrum obtained
with an IG-3 spark generator. An Abbe comparator was
used to measure the line positions. The accuracy of
measurements depended on the comparatively large line
widths and amounted to 0.5 cm™.

3. EXPERIMENTAL RESULTS

A. Long-wave Lines

The spectrogram in Fig. 3 shows a line whose fre-
quency is designated by wg 3 two other lines wg and wg,
that are considered below are not visible in Fig. 3 be-
cause of weak intensity. These lines were observed
only at PR = 100 MW and Pg = 5 MW and pressures of
potassium vapor p = 0.3—0.4 Torr. Their intensity is
relatively low and their excitation is not quite stable.
Most often we observed one (“’gl) or two (o.:g1 and wgz)
lines.

The origin of lines Wgs Wgys and Wgs is not quite
clear. There are two possible hypotheses: stimulated
two-quantum luminescence at the 4Ds/z,3/2 — 481/2 tran-
sition, or three-photon scattering in which 4P,/ is the
initial state and laser (wR) and infrared (wes, Was, W2)
photons participate.

The frequency of transition 4Ds/ — 4P,/ (14412 cm™)
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Frequencies of ‘‘long-wave’’ lines

-1 Computed from Computed from
w Measured, cm (3.1), et (.2), cm’1
Wg, 24676.4 24675.6 —
Wg, 24663.0 24667.1 24662.5
Wg,y 24649.0 246484 —

differs from wR = 14399.0 cm ™ only by 13 cm™ and we
can assume that the 4D state can be effectively popula-
ted. Infrared emission at the 6S — 5P transition (i.e.,
w3, Ws, Wp) can stimulate a two-quantum transition

4D — 4S8 giving rise to violet lines. According to this
hypothesis we have

Wg, == W40 — W2, Mg == Wy — B3, Og = Wio — Ws.

(3.1)

Comparing the measured values of wg, with those com-
puted” from (3.1) (see the table) we find that there is a
good agreement for wg, and wgs- On the other hand, in
the case of the wg, line the difference between the meas-
ured and computed values (~4.1 cm™) is much greater
than the possible measurement error.

According to the second hypothesis the wg, lines can
occur in the course of a three-photon scattering process
where a laser emission photon (hwg) vanishes and w.
and Wg, photons are emitted, while 4P, and 48,/ are
the initial and final atomic states respectively:

’
0g = @10 + 0p — W2

(3.2)

The value of wg, computed from (3.2) coincides with the
measured value within the limits of experimental error.
Thus lines wg,, Wg,, and wg, seem to occur as a result
of processes that are different from the viewpoint of the
perturbation theory classification: two-quantum lumin-
escence (wgl and “’ga) and three-photon Raman scatter-
ing (wg,). On the other hand if we are based on the con-
cept of level splitting'®’**’ in the field of a ruby laser,
then lines wg, and wg, are a consequence of a single
process. In fact, one can hold that a field with a fre-
quency wp interacts with the 4P,/ — 4D/, transition and
‘““splits’’ it into two quasi-energy sublevels. One sub-
level is located at a distance equal to the detuning

w41 — wR, While the other is near the 4D/, level. The
two-quantum emission from these sublevels stimulated
by infrared emission with a frequency w, then produces
the lines wg, and wg,-

It may seem strange that what does occur is the
fairly complex process described above, while a sim-
pler process such as the one-quantum 4D — 4P transi-
tion is not observed. There are two reasons for this.
First, according to computation by the Bates-
Damgaard"”? method, the oscillator strength for the
4D — 5P transition is almost three orders higher than
that for the 4D — 4P transition (0.64 and 0.0014 respec-
tively). Second, the system is exposed to a powerful
infrared radiation close to the 4D — 5P transition fre-
quency (mismatch of 25—50 cm™). Therefore the infrac-
tion of ‘‘hierarchy’’ of the processes is perfectly
natural.

DComputations show that levels 4Ds;, and 4D3/, make a roughly
equal contribution to the emission. Therefore the computation from
(3.1) was made for a mean energy of the 4D term, i.e., for the fre-
quency of 27397.5 cm™!.
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FIG. 4. Variation in structure of lines A = 4044/47A (transition
SP3/2,1/2-4S1/2) and “short-wave” lines with varying vapor pressures
and emission power (MW) of ruby laser and nitrobenzene SRS. Line Fe
14045.815 A is shown by vertical arrows on scale A; line w3y <> is to
the right, lines w3o, wgs and wgs to the left.

B. Short-wave Lines

Figures 4—6 show spectrograms in the region of
lines wjo and wso obtained under various conditions. We
now consider radiation situated to the left of line wso
(violet shift). In most spectra we see two lines, one of
which is sharp (wg4) and the other much broader (wgs)

(see Fig. 4, B and C, for example). For wgr
= 14399.3 cm™ (tg = 16°C) the shifts of wg, and wg,
relative to line wjo, are 12 and 7.5 cm™ respectively.
Under certain conditions (in particular at potassium
vapor pressures p > 0.125 Torr) a ‘‘dip’’ that we con-
sider an absorption line appears near emission line Wg,
The width of the absorption line increases with rising
vapor pressure. As the power of laser and SRS emis-
sions increases line wy, broadens and, when Pp
=50 MW and Pg = 2 MW and above, its low-frequency
wing overlaps the high-frequency wing of line wso
(Fig. 4, Aa). The width of the absorption line increases
at the same time.

Line ors should be interpreted as the result of four-
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FIG. 5. Change in the location of
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FIG. 6. Variation in the structure
A =4044/47 A in the “short-wave
lines” with varying potassium vapor
pressure.
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photon processes in which the laser emission photons
wR and the nitrobenzene SRS photons wg vanish, while
an infrared photon w, and a violet photon wg, are emit-
ted:

Vg = Ox + 05 — @z

(3.3)

The width of this line is due to the large width of the
SRS spectrum (several cm™) and its maximum

(24732 cm™), fully conforming to (3.3), corresponds to
frequency wg of the SRS line maximum.

The sharp line w , can be regarded as a special case
of the same process (3 3) in which the sum of frequen-
cies of SRS and the laser field coincides with the
6S,/2 — 48, » transition frequency (2 — 0):

(3.4)

The relative sharpness of line wg, is due in this view-

Wg, == W29 — W2,

point to the resonance of two-quantum absorption of
photons wR and wg. The value wg, = 24728.7 cm™ com-
puted from (3.4) coincides with the measured value
(24727.7 cm™) with an accuracy of 1 cm™.

It appears from (3.3) and (3.4) that when wR increa-
ses by bwp, the frequency w, should increase and wg,
decrease by dwg (the frequenc1es wg and w; contain wR
as a term). Experiment (thermal scanning of wR) con-
firms this conclusion both in terms of the sign (see
Fig. 5) and in terms of the value of shifts within the
limits of measurement error 6wg ng =bwg-.

A satellite line analogous to wg, was observed also
on the short-wave side of line A = 4047 A. Its frequency
wg, = 24708 9 cm™! differs from the transition frequency
by 7.5 cm™' and the shift varies following the laser fre-
quency analogously to Wgy- The relative weakness of
line w, (it is observed only when Pgp = 50-70 MW, Pg
=1-— ZgMW, and pressure p = 2.4 x 107 Torr) indicates
a lower intensity of infrared radiation at the frequency
Wa)-

C. Structure of Line 4044/47 A (5Ps/z,1/2 — 4S11)

Figure 4 shows that the structure of line w3 is fairly
complex and strongly dependent on the laser field power
and vapor pressure. At low pressures and weak powers
the center of markedly asymmetric lines has a single
sharp dip (Fig. 4 Ce). As powers PR and Pg increase
the dip first widens and then splits successively into
two, three, and more components. When Pp = 100 MW
the line structure becomes quite unsharp and inhomo-
geneous along the line height. Line w3, has an asymme-
try in the other direction (as compared to wso) and its
dip split is less pronounced; the dip is as a rule single
and rarely double.

Variation of vapor pressure with fixed laser power
yields a qualitatively similar picture. Figure 6 shows
spectrograms obtained for PR = 60 MW within the pres-
sure interval of p = 0.6 x 107 — 0.046 Torr. As pressure
increased the dip in line w30 changed successively into a
double and triple dip. When p > 0.2 Torr the absorption
increased to the point (Fig. 4 A) where the structure
was invisible and the absorption line very broad. An
exception is the case of large PR and Pg when the struc-
ture is retained.

We attribute these changes in line wj, to field
splitting of level 5P;4 into ‘‘quasi-energy sublevels.’’
Apparently both the laser (wR) and the infrared (w2, ws)
emissions play a significant role in this effect. This
viewpoint explains the effects of pressure: the increas-
ing number of atoms increases the coefficient of con-
version of the SRS and laser fields into infrared emis-
sion increasing its power, while variation of vapor pres-
sure and power Py results in analogous effects. The
variation in line structure along the slit can be attribu-
ted to the transverse inhomogeneity of the initial ruby
laser beam and the SRS. The number of spectral com-
ponents resulting from splitting of the absorption line is
also in good agreement with the hypothesis of the field
origin of the structure. We consider this point in grea-
ter detail.

The above investigation of ‘‘long-wave’’ and ‘‘short-
wave’’ lines shows that the laser field (wR) and infrared
lines (w,, w3) are the most intense components of the
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emission spectrum interacting with potassium atoms.
If only these three fields are taken into account, then
according to perturbation theory the following three
processes. are possible that can lead to the absorption
of emission in the vicinity of the frequency w = wy,:
one-quantum absorption of photon hw, 48,/ — 5Ps;
two-quantum absorption of photons hw and hws,,
4S,/; — 5P3/; — 68S:1/2; and three-quantum process (of the
Raman scattering type) with absorption of photons hw
and hw, and emission of a laser-frequency photon hwg,
4S,/2 — 5P3/, — 6S,/2 — 4P;/.. Thus the absorption line for
the 48, — 5P;/, transition is triply degenerate in terms
of the ‘‘three-strong-fields model’’ (wg, ws, wz). If the
intensities are high enough the above processes can no
longer be considered independent, the degeneracy is
removed, and the line is split into three components.
The calculation based on these considerations is
presented in the Appendix. We find that the frequencies
of the maxima of absorption line components are given
by the following formulas with an accuracy to terms
containing squared field amplitudes:

o) & 0 + Q% — Q4 GRZ/QR’

dr = O — M2y, Q= Wz — 023} (3'5)
o®? ~ W3 — s/ 2 G5 — G&* / 293,
L= 0s—0n, Ga= |duBs| /28, Gu= |duBa] |25  (3.6)

Here wy,, and d;,, are the frequency and matrix ele-
ment of the dipole moment of the particular transition
that interacts with fields wj and wp with amplitudes E]-

and ER (Fig. 1). The frequency of the photon generated
in Raman scattering has a field shift, i.e., Q; = Qg

+ GR/QR""*’. We also can expect a field shift of line
w; S0 that Q3 = —~GR/QR. Therefore we have

(1)(2 ¥ W3 = Gs-

(3.7)

If the fields are weak enough the line components
are not resolved and a single absorption line is observed
experimentally. However if the w; field is sufficiently
intense three components should be visible as in the
majority of spectrograms in Fig. 4. Measuring the loca-
tions of absorption line components yielded the following
results (the base line was Fe I, w = 24709.94 cm™ shown
at the bottom of all spectra). The central component
coincides with the location of w3, with an accuracy to
0.1-0.3 cm™. Side components are mostly symmetric
as required by (3.7) for w™**!; there are also, however,
deviations from symmetry, reaching 1.5—2 cm™. A
particularly clear asymmetry occurs at the point of
generation of the shorter-wave component (see for ex-
ample the spectrogram in Fig. 4 Bd). This discrepancy
can be ascribed to several causes. Most probably the
asymmetry is due to a field shift caused by the Stokes
SRS of nitrobenzene and not accounted for in the analy-
sis. It is also possible that the four-photon scattering
had some effect (see below).

According to (8) in the Appendix the absorption spec-
trum represents a set of equidistant triplets (index m)
separated by |2: — Qsl, or 8.5 cm™ (tg = 16°C) in our
experiment. Triplet m = 0 determines the structure of
line 4044 &, while triplet m = —1 is associated with the
‘‘short-wave line’’ region. Consequently the structure
of the absorption coefficient in the short-wave region
should simulate the structure of the A = 4044 A line
itself. Such a congruence is actually observed at suffi-

o) X O,
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ciently high pressures and powers PR and Pg, as can
be seen from the spectrograms in Fig. 6 for the pres-
sures of 3.3 x 107%, 4.0 x 107, and 4.6 x 107 Torr.
Measurements showed that the distances between com-
ponents within each triplet are approximately equal
(with an accuracy to 1—1.5 cm™). The fact that the
structure on the short-wave side appears at higher p,
PR, and Pg is quite understandable since it is the effect
of (using perturbation theory language) higher-order
processes such as two-, three-, and five-photon proces-
ses.

Under certain conditions the number of observed
components of the A = 4044 A absorption line becomes
more than three. This is easy to explain if we consider
not only the laser emission wR and emissions resonating
with the 68, — 5P3 transition (w. and ws), but also
their analogs for the 6S;/; — 5P, .. transition (w, and ws)
and the emission due to transitions from level 5Ps/,1/2
to lower levels 58S,/ and 3Dsf,3/.- For example we can
readily show that given five monochromatic fields wg,
w2, W3, Wq, and ws, the 4S8,/ — 5P3/, absorption line can
split off into eight components.

So far we have not considered the mechanism of
generating violet lines. The answer is close at hand and
very simple. First, two-quantum absorption of laser
emission and SRS (wg, wg) leads to the population of
level 68, /., a population inversion occurs at transitions
63,2 — 5P3f,1/2, and an emission at frequencies ws and
ws is generated and amplified. This results in the popu-
lation of term 5P and generation of lines A = 4044/47 A
at the transition 5P;/z,1/2 — 481/ (Fig. 1). Another mech-
anism of populating levels 5Ps/.,1/2 is represented by
Raman scattering (w:, w,) of laser emission wg in which
4Ps/; is the initial and 5s/2,1/2 the final atomic state.

While the above processes are undoubtedly impor-
tant, they are obviously not unique. The problem is that
violet emission (wso and w3o) is sharply directed; fur-
thermore it is oriented exclusively in the same direction
as nitrobenzene SRS and ruby laser emission. This fact
has no obvious explanation from the viewpoint of the
above ‘‘cascade’’ hypothesis. We think that the singular
direction of this emission is due to the possible role of
four-photon scattering (‘‘light-by-light scattering’’)

(3.8)

that is particularly effective when the wave vector con-
dition

0s + 0z 0; + o,

ks + ke = ks + k (3.9)

is satisfied (see'®! for example). Relation (3.9) natur-
ally explains the singular direction of emission at ws;o
and w3, ; therefore process (3.8), (3.9) should be signifi-
cant if at least in the initial generation stages of infra-
red and violet emissions.?’ On the other hand, the cas-
cade mechanism apparently amplifies the light ‘‘born
of’’ the four-photon scattering (3.8), (3.9).

It was noted above that the ‘‘short-wave lines’’ wg,
and wg_ are also due to the four-photon process. The
difference between (3.3) and (3.8), (3.9) consists of the

DBy virtue of resonance conditions the four-photon processes of
the (3.8), (3.9) type can be quite effective regardless of the low density
of atoms (~10'5- 1016 cm™3). We showed this in [!?] using the example
of potassium vapor transmitting nitrobenzene SRS excited by ruby
laser.
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fact that (3.3) begins to appear only after the formation
of a strong w, field. On the other hand, process (3.8),
(3.9) serves as a spontaneous ‘‘primer’’ that gives rise
to the field w; and to violet lines.

Simple computation shows that in our doubly resonant
conditions we must take into account the fact that the
refraction index n differs from unity. It can be readily
found that n — 1 < 0 for all four frequencies present in
(3.8) (except perhaps for wg). Therefore to determine
the ‘“length of coherent interaction’’ it is not enough to
invoke general considerations but it is necessary to
know population differences in all four transitions. The
interaction length is quite probably also limited by other
factors: absorption, length of coherent train in nitro-
benzene SRS emission (~ 0.5 mm) and the difference in
group velocities, etc. Because of this the results of
theoretical analysis of process (3.8), (3.9) presented
in!'®2%) are not applicable to our case. We are there-
fore unable to compare our data with theory and we
hope to return to this problem at another opportunity.

In conclusion of this section we note the peculiar
change in the spectrum of lines wso and wio
(A = 4044/47 A) occurring at high laser and SRS powers
(Fig. 4 a, b). There is a triplet structure at the edges
of the line (along the slit height) while the center of the
line has an essentially new form; it is difficult to pro-
vide a convincing interpretation of this fact.

4. CONCLUSION

The above interpretation of the observed effects does
not profess to have a uniform degree of validity among
its various aspects. A well established conclusion is
that of the field origin of absorption line splitting at the
4S,/» — 5Ps/2,1/ transition. Another basic conclusion
concerning the significant role of four-photon scattering
can be considered reliable only in relation to the broad
‘‘short-wave’’ line wg;. The role of four-photon proces-
ses in the remaining regions of the spectrum requires
clarification in further experimental research.

Our results give rise to other more general conclu-
sions. In the discussion of experimental data we re-
peatedly used concepts based on the perturbation theory
that regards processes involving different numbers of
photons as different or independent processes. One of
the general conclusions of our work is that such a dis-
tinction becomes groundless when the emission intensity
is high enough. Using the structure of the A = 4044 A
absorption line as an example we see that one-, two-,
and three-photon processes are ‘‘mixed up’’ in an in-
tense resonance field. Under these conditions it is more
appropriate to talk about a single process of violet ab-
sorption in which the line structure is interpreted as a
result of field splitting of atomic levels. Such an ap-
proach is in full accord with the spirit of nonlinear
spectroscopy™®’ and we regard the obtained data as an
experimental verification of one of its main theses.

APPENDIX

We consider the problem of a potassium atom inter-
acting with electromagnetic plane waves of the following
spectral composition: monochromatic wave Qr, Gy
interacts with transition 1 — 2; waves ., Gz and 3, Gs
interact with transition 2 — 3; and quasi-monochromatic
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tields Vg(t), Vsoft) interact with transition 0 -1, 0 — 3.
Fields g, Gr and Qj, G]- (j = 2, 3) correspond to laser
and infrared fields, and Vg(t) and Vso(t) refer to the
Stokes nitrobenzene SRS and violet emission. Equations
for probability amplitudes a; (I = 0, 1, 2, 3) are written
as follows:

a=iAa—iVa, @G,= —iV*a,

ay 'Vs(t)
= (%) , V= ( o |,
a3 Vio(2)

i inA Gre®Rt 0
A= GRe—tﬂRt iYZ Gze-ﬂzt + Gae—iﬂ;t .

0 Gaeist | G yeithat iys

(A.1)

Here y., y2, 73 are the decay rates of levels 1, 2, 3.
Substitution of variables

a= e~ B! g, = e, a,=b, (A.2)
reduces (A.1) to
b= Bb— i0a, a, = —iU*D,
) —Qp+Q+iyt Gp 0
B= Gg Qs + iy G3 + Gyemi@t |,
0 Gy + Gyttt iys (A.3)

Vye~i@p-0at
U= 0 )1 Q=0Q,— Q4

V.?(l

Perturbation theory corresponds to a solution of system
(A.3) by the method of successive approximations (for
the initial condition as(—«~) = 1), i.e., it assumes that all
fields G and Vg, V3o are small. Under our experimental
conditions this assumption is valid only in relation to
Vg and V3o but not in relation to monochromatic fields
GR, Gz, Gs. Therefore only terms iGa, and i0'D are
considered in the following as small and are manipula-
ted by the method of successive approximations.®

Let é(t, to) be the fundamental matrix of the equation

$=iBS, S(t, t,) =E. (A.4)
Then with initial conditions ac(to) = 1 we have
—i[8@e)0w)ar +
‘ﬂ
th
ay =1 — [ [ 0#(8)8 (2, ) U (8) dt. dta + (A.5)

toto

Matrix Bin (A.3) is periodic with period 27/Q. There-
fore § can be represented in the form 2

St 1) = ®(1) exp (i (¢ — 1)) b (1); (A.6)
(f)(t)zz é(m)g—imnt, o1 ()= i f)(m)eimﬂt’

-

(A.T)

where ﬂ. is a constant diagonal and &®(t) is a periodic
function of the matrix. Using (A.5)—(A.7) we compute
the spectral density of the work of field Vj,. It turns out
to be proportional to the expression

3) Another model was used in ['°]: nitrobenzene SRS is considered
monochromatic and strong while the remaining fields are weak. The
principal effect here, i.e., the splitting of the resonance level, is real if
the SRS spectral width is smaller than the splitting. However the re-
verse relationship occurs in reality. Therefore the model adopted in
['°] is inadequate and the conclusions of that work are invalid.
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cip” }
(A.8)

3
lVSD((’)) |2Re {Zm'lgl l‘fl”+ i(m— m30+ull+ mg)

According to (A.8) the atomic absorption spectrum is a
set of equidistant triplets spaced || = |22 — Q3] apart.
The characteristic roots uj, ! = 1, 2, 3, determine the
position of absorption maxima within each triplet. Stan-
dard methods can be used to compute p; to any desired
accuracy. If we take Ggs, Gg < [/, 7§ <« G, and Q3]

<« Gs, relations that hold under conditions of our ex-
periments, then

G .
== Qut Q== iy (A.9)
Q Gg® i
e, 3 =‘2_!‘+——2:2 iGa'i'_lz—(Yz‘}"\’s)-
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