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Abstract
Experimental evidence is presented for the change of Einstein's
A-coefficients for spontaneous transitions from the upper laser level
of an argon ion laser discharge due to the presence of the bighintensity laser flux. To demonstrate that this quenching effect
cannot be attributed to a reduction in self-absorption of the strong
spontaneous

emission

line,

absorption

and

line

profile

measurements have been performed. Computer modelling of the
reduction of self absorption due to Rabi splitting also indicated that
this effect is too small to explain the observed quenching of
spontaneous line emissions.
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I. INTRODUCTION

Experimental evidence for quenching of Einstein's A-coefficients has
been presented in several recent papers.
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A change in branching ratios oi

spontaneous emission lines was found to occur both in laser produced plasmas
as a function of electron density,
of laser photon flux.

1,2

as well as inside a laser cavity as a function
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In laser produced carbon plasmas this change amounted to almost an
order of magnitude [e.g.. branching ratio of CIV 3p-*3s

(580.1 - 581.2 nm)

and 3p-»2s (31.2 nm) transitions] when the electron density changed from
approximately N => 1 0
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3

cm- to 1 0

e
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cm . This could also be observed in CHI

for the 3d-*3p (569.6 nm) and 3d-»2p (57.4 nm) transitions and in NV for
the 3p-»3s (460.3 - 462.3 nm) and 3p-»2s (20.9 nm) transitions.2 Inside an
argon ion laser cavity only a 10% change in branching ratio between the
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spontaneous emission lines Aril 399.21 nm (4p D °
4

442.60 nm (4p D ° /
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-» 4s ^3/2)
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514.53 nm transition (4p D °

-» 3d D / ) and Aril
3

2

3

could be measured during lasing of the
2
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5 / 2

-> 4s P

3 / 2
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Since then several attempts have been made to explain these effects
4

theoretically. Chen and Lebowitz suggested that the phenomenon observed in
laser produced plasmas is due to weak trapping of plasma electrons into
highly excited states of the radiating ions. In the case of such trapping low
frequency lines might be strongly shifted and, therefore, not observable. Of
course, this explanation would not be applicable to the results obtained in the
low density gain medium inside the laser cavity. On the other hand. Griem has
5

proposed an explanation based on Rabi oscillations solely for the quenching
effect observed in the high intensity argon ion laser field. His approaches will
be examined in Sec. Ill of this paper.
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Not a theory b u t a simple hypothesis that would be applicable to both
experiments was given in Ref. 3. If the spontaneous emission of an atom or ion
would rather depend on dynamic effects like collisions, this could qualitatively
(but not, of course, quantitatively) explain the observable effects. In the case of
the high density laser produced plasma, inelastic electron collisions with atoms
or ions might have a significant disruptive effect on their spontaneous
emission, which means t h a t the change of emissivity should depend on the
ratio of collisional frequency v
from level n: v = A„ = 2
n

k < n

A

c o U

n k

to the frequency of spontaneous emission
where subscript nk indicates transitions

between level n and levels k<n. Indeed, for a plasma with T = 5 eV and N =
e
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1 9

cm

- 3

the frequency, v

e

3

co]1

, is approximately 1 0 times larger than v for
n

the 3p level of CIV. One would also expect a larger disruptive effect for weaker
transitions, therefore, a larger change in A-value should occur for the 3p -» 3s
than for the 3p -+ 2s transition whose A-coefficient is about 150 times larger
than that of the 3p -» 3s transition. This leads to observable changes in the
branching ratio.
A much more important implication of our hypothesis is that collisions of
photons with atoms or ions, should also provide quenching of Einstein
coefficients if the frequency of such collisions is sufficiently high. For a
2

maximum intra-cavity power density of approximately 5 k W / c m and a typical
ion laser line width of 5 GHz for the 514.53 n m lasing line the stimulated
emission frequency in Ref. 3 (calculated as the Einstein B-coefflcient for
stimulated emission times the spectral energy density of the laser) is estimated
4

to exceed the total spontaneous emission frequency for the 4p D ° .
5 /

l e v e
2

* by

about a factor of 100. Extrapolating the results of the laser plasma
1

experiment, -

2

therefore, an observable quenching effect can be expected for

lines differing in A-coefficient by a factor of 50.

4

This paper deals with new, more elaborate investigations of the
quenching effect inside an argon ion laser cavity of Aril emission lines and also
presents new results on Aril absorption as well as line profile measurements.
Experimental details of the emission and absorption measurements are given
in Sec. II.A and II.B. respectively. Line profile measurements and the role of
Rabi splitting in the emission and absorption data is discussed in Sec III.
Section IV presents a summary of our results.
H. THE EXPERIMENT
A. Emission measurements
The experimental setup used in the emission measurements is shown in
Fig. 1(a). The CW argon ion laser is tuned to a particular lasing line by changing
the position of the 100% reflectivity mirror and the angle of the prism in front
of the mirror. In this way it is possible to control the photon density in the
discharge over a very large range and, therefore, change the photon-ion
collision frequency without any significant change of the gas or plasma
parameters in the discharge.
An argon ion laser was chosen because Aril has a number of lasing lines
and appropriate non-lasing lines in a convenient (visible) spectral range. For
4

example, the upper level 4p D° /2 of the Aril 514.53 nm lasing line is a
5
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common upper level for seven non-Iasing transitions - (see Fig. 2) whose A coefficients differ by up to a factor of 50. Similar conditions hold for the Aril
2

487.99 nm (4p D ° /
5

2

-^ 4s P3/2) lasing line. Both lasing transitions share a

2

8

common lower level. This lower lasing level decays very rapidly by
spontaneous emission to the ground level 3 p

5

2

9

1

P with a rate A = 2.7 x 10 s" .

2

The fast decay of the 4s P^/^ level (resulting in the low population of this
level) is the primary cause of the creation of the population inversion rather

5
4

than a selective population of upper lasing level 4p D ° / •
5

2

m

addition, the

2

transitions between the 4s P 3 / 2 level and lower levels of non-lasing
4

4

4

transitions (4s P . 3d D , and 3d F) are intercombination transitions and,
therefore, have quite low radiative transition probability. Hence, one should
4

4

not expect to see any significant change of population of these 4s P , 3d D ,
4

2

and 3d F levels due to lasing action to the 4s P 3 / 2 level. This is a very
important and unique feature of the argon ion laser and makes this laser an
almost ideal one for our experiment.
The argon ion laser (Innova 200) had a maximum output beam power of
about 9 W at the 514.53 nm lasing line and about 7 W at 487.99 n m which was
constantly monitored by an internal power meter. The length of the discharge
tube was L = 1.57 m. its effective diameter was d => 2 mm and the output mirror
had a transmissivity of 5% at 514.53 nm. Therefore, an intra-cavity power
2

density of approximately 6 k W / c m for the 514.53 n m lasing line (electric field
strength of about 1.5 kV/cm) could be achieved.
A dichroic filter with low transmission at the lasing wavelengths and
relatively high transmission elsewhere was utilized to block the laser lines right
after the output mirror. In our experimental setup, light from the argon ion
laser was directed by a set of mirrors towards the entrance slit of a 0.5 m
Czerny-Tumer monochromator (SPEX - 1870) with a 2400 g r / r a m holographic
grating. As an example line spectra obtained in two spectral regions are shown
in Fig, 3.
By tuning the cavity to obtain lasing action at 514.53 nm a change in the
4

4p D ° 5 /

2

upper level population resulted in a decrease of the intensity of the
4

4

4

spontaneous emission lines to the 4s P , 3d D , and 3d F levels (see e.g.. Fig.
3). Since these intensities are proportional to the upper level population, all
emission lines should exhibit the same decrease. However, in our
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measurements each line yields a different "apparent" depopulation of the
4

4p D°5 > upper level as can be seen from Fig. 4.
/

2

In this figure the ratios of emission intensities at the maximum
achievable intra-cavity power density to emission intensities at zero intra-cavity
power density for different spontaneous emission lines are shown. Since the
4

volume averaged 4p D°5/2 population can only have a single value, our data
indicate a monotonic dependence on the Einstein A-coefficients of the
3

respective transitions. From Fig. 4 and earlier results it is obvious that there
is no smooth dependence on wavelength. The largest discrepancy in apparent
depopulation (22.4% + 1.0 and 30.7% ± 1.0) was found between the strongest
(442.6 nm) and weakest (399.2nm) transition from this upper level (cf. Fig 3).
In Fig. 5 the branching ratio between the 399.2 nm and the 442.6 nm
transition (whose A-coefficients differ by a factor of 54) is plotted as a function
of intra-cavity power density showing a decrease of the branching ratio with
increasing 514.53 nm photon flux Inside the argon ion laser cavity [in Fig. 5 the
branching ratio is normalized to 1 for a discharge without lasing (detuned laser
cavity).
In extremely careful examinations, including several supplementary
experiments, possible explanations for these findings were investigated:
a) Different spectrometers equipped with photomultiplier tubes or
multichannel detection systems were used and tested for a possible
nonlinear response at low and high signal intensities. No such influence
could be detected.
b) The identification of the different lines was checked very carefully (the
resolution of our monochromator was 0.027 nm FWHM. cf Fig. 3). The
background signal from residual lasing radiation inside the
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monochromator was found to be negligible due to the dichroic filter used
to block the lasing line.
c) No shift in wavelength or line broadening could be observed within the
wavelength resolution of our monochromator when tuning the laser cavity
to 514.53 run. Higher resolution line profile measurements using a
Fabry-Perot interferometer will be described in Sec. III.A. Possible
effects of Rabi oscillations on line intensities as proposed in Ref. 5 will be
discussed in more detail in Sec. 111,3.
d) Optical components in the beam path like mirrors, filters, etc. might at
least in principle change their (wavelength dependent) reflectivity or
transmissivity when hit by intense (9 W) laser radiation. Critical
components like the dichroic filter (used to block the lasing line) and the
cavity output mirror where investigated by illuminating them
simultaneously with 400 run dye a n d 514.33 n m Aril laser radiation. No
change in. transmissivity within the experimental errors of ±0.5% could
be detected. Additional evidence is illustrated in Fig. 3. No change in the
intensities of the neighboring lines of 442.6 nm and 399.2 nm during
lasing could be found.
e) By inserting a rotatable Glan-Taylor prism polarizer into the beam path it
could be demonstrated, that the apparent depopulation did not depend
on the polarization of the spontaneous emission lines (cf. Fig. 6).
f) Different observation geometries, i.e., observation in a backward direction
[via reflection on the prism surface; cf. Fig. 1(b)] and intra-caviry
observation with a small diameter optical fiber (aligned under a slight
angle to the laser beam axis) resulted in the same "quenching" effect.
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g) Our most serious concerns were dedicated to the problem of selfabsorption of the spontaneous emission lines. Of course, a 1.57 m long
argon ion laser plasma tube (gas fill pressure 300 mTorr) cannot be
treated as optically thin, and self-absorption is expected especially for the
strong transitions. On the one hand, a change in absorption with lasing
action could, in principle, lead to results as shown in Fig. 5 if the
intensity of the 399.2 run line would decrease (due to an increase in
absorption) and the intensity of the 442.6 nm line would stay constant
(saturated intensity) while the intracavity power is increased. On the
other hand, with a changed A-coefficient (cf. our hypothesis in Sec. I) we
should also observe a change in the absorption B-coefficient, otherwise
the thermodynamic relation between the A- and B- Einstein coefficients
would be violated. Absorption measurements were, therefore, absolutely
necessary and are described in the following section.
B. Absorption measurements
In our emission experiments we compare only intensities with and
without lasing action while the laser discharge current, fill pressure, etc. stay
constant. Therefore, only a change in absorption with lasing action can affect
our results. This could arise from changes in the line shape due to Rabi
splitting (discussed further in Sec. HI) or by a collisional interaction of the
2

lower lasing level 4s P3/2 (whose population should increase during lasing at
514 nm) with the lower levels of the spontaneous emission lines. However, as
5 2

was indicated earlier, this level decays to the argon ion ground state 3 p P
with a large transition rate, hence, its population should always be small. The
change introduced in level population by the intra-caviry field can be estimated
by following the paper of Johnston.
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Assuming an initial (i.e., without lasing)
4

inversion ratio of N °/N° = (2-3) (cf. Ref. 7) between the 4p D °
u

5 / 2

upper

9

2

level (u) and the 4s P3/2 lower lasing level (I), the fractional lower level
population increase denoted by (N[ - Nf)/Nj\ where Nfis the population with
lasing, can be calculated from the fractional upper level population decrease
(N^ - Nu)/Ny , the level decay rates x , t[ and the spontaneous emission rate A
u

u l

(Ref. 10). Due to the large transition rate Tj of the lower laser level to the Aril
ground state a 20% decrease in upper level population results in a lower level
population increase of less than 3%. too small to account for a significant
increase in the lower level population of the non-lasing transitions via
2

nonradiating transitions (radiative transition rates from the 4 s P 3 / 2 level to
lower non-lasing levels are small due to intercombination character of these
transitions). Furthermore, no change in spontaneous emission line intensity
4

from the 4p D°5/2 level could be observed when tuning the laser to the 487.99
2

nm lasing line, which h a s the same 4s ?s/2 lower level a s the 514.53 run line.
In addition, we repeated our emission measurements using different
argon ion laser with shorter discharge tubes (0.90 m a n d 1.2 m) and different
output mirrors. Within our experimental errors all lasers yielded the same
apparent depopulation when compared at the same intra-cavity intensities,
although especially the opacity of the 442.6 nm emission line was considerably
different in each case (absorption of 442.6 nm probing radiation changed from
4 5 % for the 0.9m discharge to 8 5 % for the 1.57m discharge).
To check whether the observed 10% quenching effect can be attributed
to a change in self-absorption of the different spontaneous emission lines,
absorption measurements with quite low accuracy (±3%) are sufficient. To
observe a change in the absorption B-coefficient, as suggested by
thermodynamic considerations, requirements on the accuracy of the absorption
measurements are much more stringent. Such a change would be of the order
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of only 2% (10% effect of quenching for the 399.2 r.n line with 25%
absorption; cf. the results of the absorption measurements for 399.2 nm below).
First we measured absorption of the 399.2 nm line with 395 - 405 nm
probing radiation from a Coherent 599 dye laser (Exalite 400E dye and
stilbene-1 dye laser optics yielded 10 mW tunable dye output). No change in
absorption within the experimental error of ±2% could be observed. Since
further attempts to improve the accuracy of these measurements were
unsuccessful (e.g.. we tried to use a double pass through the absorbing medium)
we built the experimental setup shown in Fig. 1(b). Spontaneous emission light
from a second argon ion laser was mechanically chopped and injected into the
first argon ion laser cavity through the output coupler. After passing through
the absorbing medium the attenuated probing radiation was partially reflected
from the intra-cavity prism surface and guided by a set of mirrors to the
monochrometer. Dichroic filters as described in Sec. II.A were appropriately
positioned. A lock-in amplifier was used to distinguish the probing radiation
from the light of the investigated laser. Considerable absorption (85%) was
found for the strong transition at 442.6 nm, whereas absorption was small
(25%) for the weakest transition at 399.2 nm. Since the prism and the high
reflector were on the same mount, lasing had to be achieved by fine-tuning of
the output coupler instead of the high reflector. In Fig. 7(a) we show the
transmitted fraction (75%) of the probing radiation in the case of 399.2 nm as
a function of time. During that 35 minute period the investigated argon ion
laser was tuned 3 times to lasing action at 514.53 nm without changing the
absorption of the 399.2 nm probing radiation. From the fluctuations of the lockin signal the error was estimated to +0.6%.
Similar absorption measurements were also conducted for the Aril
transitions 394.43nm, 396.84nm, 426.65 nm. and 442.60 nm. Results
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including experimental errors are shown in Figs. 7(b) and 8. Due to the larger
absorption of the 426.65 nm and 442.60 nm radiation, fluctuations, and
therefore, errors for these lines are somewhat larger. Within the experimental
errors we were unable to detect a change in absorption due to lasing action at
4

514.53 n m in any of the five lines sharing the same upper level 4p D°5/2>
While our results clearly do not support the suggestion that self
absorption is responsible for the observed quenching effect, a change of
Einstein B-coefficients could not be demonstrated either. However,

the

absorption coefficient K is connected not only to the lower level population Nj
and the Einstein B-coefficient, but also to the upper level population N

u

(neglecting statistical weights gj and g ) by K ~ B i • (Ni - N ) .
u

u

u

Therefore, the expected 10% decrease of B3g9 „„, could have been
-2

masked by the 20%-depopulation of the upper level population n .
u

HI. THE EFFECT OP RABI OSCILLATIONS ON THE
EMERGENT INTENSITIES
The intense laser field changes the wavefunctions of the involved levels
by dressing the states and inducing Rabi oscillations. An interesting suggestion
h a s been made regarding the role of the Rabi oscillations in the experimental
5

observations. Rabi oscillations cause a reduction in intensity of all the
spontaneous emission lines from the upper lasing level, however, this
reduction is constant for all the lines and cannot, in itself, account for the Avalue dependence of the reduction factors. A second effect is that the Rabi
oscillations also cause the emission line profile to be split and this, in
principle, changes the opacity. Since the 442 nm line is more heavily absorbed
in the discharge than the 399 nm liue it is suggested J i a t a reduction in
opacity could preferentially increase the emergent 442 n m emission compared
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to the 399 nm line and account for the observations without the need to
postulate quenching of the A-values. The issues here are (i) whether the
observed 442 nm/399 nm intensity ratio shows any dependence on opacity, (ii)
whether the change in opacity due to the Rabi splitting is large enough to be
detected experimentally in the emergent lineshapes, and (iii) whether the
expected change in opacify due to the Rabi splitting is quantitively sufficient to
account for the quenching As mentioned earlier, experiments were done on
three different argon ion discharges of length 1,57, 1.2. and C.9m, which also
differed considerably :n 514.53 nm output power (9W. 3.5W. and 2W,
respectively). Of course, opacity effects would be expected to play a larger role
in the longer discbarge but experimentally, all lasers yielded the same apparent
depopulation when compared at the same intra-caviry intensity. As detailed
above, the change in opacity due to Rabi splitting could not be detected in the
transmission of emission from a second argon ion discharge through the first
discharge.

A. Line profile measurements
High resolu'lnn line shape measurements have been performed by
replacing the photomultiplier in Fig. 1(a) by the setup shown in Fig. 1(c). Line
radiation of interest was selected by the SPEX monochromator and uniformly
expanded by a telescope. A piezo electrically driven plane Fabry-Perot
interferometer (Burleigh Model RC-43) was used to scan the line profiles. For
442.6 nm radiation e.g., the free spectral range of the Fabry-Perot was set to 50
GHz and its finesse at 442 nm was measured to be 18 (the finesse was limited
to 18 as the dielectric mirrors were not optimized for this wavelength). The
measured Aril 442.6 nm line profiles are compared in Fig. 9 for the cases of
non-lasing (S ) and lasing (SL) of the 514.53 nm laser line. Botfi profiles agree
NL
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in shape within the experimental errors (± 0.5 GHz). In Fig. 10 the integral to
peak height ratio and the FWHM of the 442.6 nm emission line is plotted vs.
514.53 nm lasing power. Similar results were found for the 426.65 nm
transition. Figures 9 and 10'clearly demonstrate, that any change in the line
profiles due to Rabi splitting are negligibly small. Nevertheless, to determine if
a small (undetectable) change in the line profile could still play a role in the
measurements, modelling of the radiative transfer in the discharge was
performed.
B. Modelling of Radiative Transport
The emission lines in the discharge are broadened by a number of
factors. For the 442 nm line:
1) Doppler broadening of 4-5 GHz arises from the ion temperature in the
1

discharge of -30O0-°K-5OO0°IC 1
2) There is an axial magnetic field in the discharge of 0.14 Tesla
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which

causes the line to be Zeeman split into two groups of sub-components
separated by 6 GHz.
3) The line is Stark broadened by the plasma electrons by about 1 GHz.

J1

-2

4) The presence of the intra-cavity laser field of - 5 kW cm - causes a Rabi
splitting of 2 GHz.
5) The emergent line profiles are broadened by opacity, particularly the
442 nm line.
6) The experimental line profile in Fig. 9 results from the convolution of all
these factors with the Fabry-Perot instrumental function of approximately
2 GHz.
The intra-cavity field will broaden the line profile which will reduce the
opacity and, hence, the opacity broadening. Any line broadening mechanism
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which distributes the line strength away from the wavelength region of
maximum opacity will in principle broaden the emergent line profile and
increase the emergent intensity, The model was constructed to estimate the
magnitude of this effect. A complete solution of the radiative transfer problem
including all the line broadening factors and the radiation field is difficult.
There are, however, features of the experimental situation which permit
simplification of the general problem. First of all, the narrow diameter and high
aspect ratio of the argon ion discharge (length/diameter -50) means that
nearly all of the 442 nm emission escapes radially so that the 442 nm radiation
field is decoupled from the populations. The transport of the 442 nm radiation
along the discharge can be modelled by simple absorption as the chance of an
absorption event leading to re-emission in the direction of observation is
-4

negligibly small (-10 ). The emergent intensity will be most sensitive to
changes in the line profile in the wavelength region where the optical depth is
% - 1 (the line core is saturated and the far wings are of low intensity). For a
Voight profile this region of the fine shape is Lorentzian for the present
opacity. Thus, the model treats the case of a Lorentzian profile that is split by
the Rabi effect and the effect of opacity is modelled by simple absorption along
the discharge.
Let us consider the emission from a small volume element a dx in a
cylindrical discharge of cross sectional area. a. and total length, L, located a
distance x from one end. The normalized emission line profile is 0v so that the
emission dEy, from dx at frequency v is given by:
d E = N A 0v a dx d-&/47c.
v

u

(l)

where N is the upper state population, A the radiative transition probability
u

(taken to be constant for the purposes of this model) and dO is the solid angle
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observed. Since the monochromator entrance slit was 1.7 m from the laser, dtf
was assumed to be constant over the length of the discharge. The line profile of
Lorentzian width T, and Rabi splitting Q, is given by:

j j
0 V =

T/2

2^ *• (v-vo-^rip + tr/^s

JV2
+

(2)

(v - voTiyf,fi)2+ tr/2)2

The intensity from the volume element a.dx emerging from the x=0 end
of the discharge is:

dSv = dE exp(-Kvx).

(3)

v

where Kyis the absorption coefficient (related to the emission line profile, 0v
through detailed balance). Integrating along the length of the discharge we
obtain the emergent line profile:
L

Sv

=

f dSy
L

= N A 0v a (d$/47t) J exp(-Kv x) dx
u

0

= N A 0 a (dtf/4jc) (1/Kv) {l - exp(-K L)}.
u

V

V

(4)

A range of parameters were modelled. The most relevant case comprised
the comparison of a Lorentzian profile 5 GHz in width (FWHM) with two 5 GHz
Lorentzian profiles, separated in frequency by 2 GHz (corresponding to the
Rabi splitting). The value of the absorption coefficient K , was obtained from
v

1

the experimental absorption data where the 15% transmission of the 442 n. ".
line from a second argon ion discharge through the first was measured in the
absence of lasing. The second discharge was assumed to have a 5 GHz
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Lorentzian emergent line profile. J .

and the transmission, integrated over the

v

line profile, obtained from:
jou

t / J

ln

=

Jjln

e

x

p

(

.

K

v

L

)

d

v

i j j ^

d

v

=

1 5 0 / 0

( 5 )

The value of the 442 run line center optical depth obtained in this way
was Ko L = 10.7. Figure 11(a) shows the emission line profiles with and without
the 2 GHz splitting and the corresponding emergent line profiles. The effect of
the 2 GHz splitting is that the width of the emergent line profile increases by
1.4% and the intensity increases by 0.9%. This is a very small effect. Using a
442 nm line center optical depth based on a 10 GHz instead of 5 GHz linewidth
for the second discharge resulted in a 0.5% increase. For comparison simply
. increasing the width of the Lorentzian emission profile from. 5 GHz to 7 GHz
leads to a n 16.5% increase in the emergent line width and 14.7% increase in
output intensity. The intensity in the far wings of a Lorentzian profile scales
with r and. hence the emergent intensity increases with V. In contrast a 2 GHz
splitting inside a 5 GHz Lorentzian has an effect at line center but the change
in the line wings is negligible. Since the line center is saturated anyway there is
little effect on the emergent intensity. This is illustrated in Fig. 11 (b) and (c)
which shows the ratio of the emission and emergent line profiles with and
without the Rabi splitting.
The above model is based on a Lorentzian doublet split by the Rabi
frequency [Eq. (2)]. A rigorous theoretical lineshape for the experimental
conditions is not available. Alternative expressions for the power broadened
lineshape under different conditions may be found in Ref. 9 (eqn. 2.119) and
Ref. 13 JEq. (15)]. In all cases the main effect of power broadening is to change
the profile near the line center and not in the far wing. In the experiment
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changes in the X = 1 region of the line wing have the strongest influence of the
emergent intensity and this is 5-10 GHz from line center (i.e.. about 3-5 £2) for
the 442 nm transition so we do not expect more accurate line profiles to
change the overall picture.
In conclusion, Rabi splitting of the 442 nm emission line profile will lead
to an increase in the emergent line intensity. However, both experiment and
modelling show that this effect is much too small to explain the observations.
Thus, quenching of the A-coefficients remains the only explanation.
IV. SUMMARY

We have presented further evidence for the change of Einstein's Acoefficients for spontaneous transitions from the upper laser level of an argon
ion laser discharge due to the presence of the high-intensity laser flux.
Extensive checks were made which ruled out oth'jr explanations. Since the
emission from the discharge is optically thick, concerns were raised about the
role of opacity in the measurements. Absorption measurements using a second
argon ion laser showed no change in absorption due to lasing. The 442 nm line
profile was measured at high resolution in order to detect any changes in
opacity due to Rabi splitting in the intense laser field. Any such changes were
below the measurement sensitivity of ±3%. Computer modelling of the effect of
Rabi splitting on the emergent line profile confirmed that the effect was
negligible.

The results of all these measurements clearly exclude a change in

self absorption as an explanation for the observed quenching effect.
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Figure Captions
Fig. 1.

Experimental setups used for (a) emission, (b) absorption, and (c) line
profile measurements (see text).

Fig. 2.

Partial Aril energy level diagram with transition probabilities in units
7

1

of 1 0 s .
Fig. 3.

Measured Aril emission spectra in the spectral region 442.0 - 443.2
nm and 398.8 - 399.6 nm. respectively. Full curves have been
measured without lasing, broken curves with 9 W lasing at 514.53 nm.
Only the 399.205 nm and the 442.601 nm emission line show a
measurable decrease in intensity with lasing.

Fig. 4.

Ratio of measured spontaneous emission intensities at full (approx. 5
2

kW/cm at 514.53 nm) intra-cavity power density S(P=Pmax) to
emission intensities at zero intra-cavity power density S(P=0) as a
function of Einstein A-Ooefficient AJJ of respective transitions from the
4

common Aril 4p. Dg/ upper level.
2

Fig. 5.

Ratio of the spontaneous emission intensities of the 399.2 nm to the
442.6 nm transition as a function of intra-caviry (514.53 nm) laser
power density P. (The signal ratio has been normalized to 1 at P=0).

Fig. 6.

Lasing (L) to non-lasing (NL) ratio of measured spontaneous emission
intensities (^apparent depopulation) for polarization components
parallel and perpendicular to the laser polarization direction,
respectively. Measurements were performed by inserting a rotatable
Glan-Taylor prism polari2er into the beam path. Results for different
polarizer orientations are identical within the experimental errors.

Fig. 7. a) Transmitted fraction of the 399.2 nm probing radiation as a function
of time. No change in signal is notable when the argon ion laser is
tuned to lasing action at 514.53 nm. The two straight lines correspond

20

to a ±1% region around the average value,
b) Transmitted fraction of the 442.6 nm probing radiation as a
function of time. No change in signal is notable when the argon ion
laser is tuned to lasing action at 514.53 nm.
Fig. 8.

Measured change in transmission through the absorbing argon plasma
for the five probing lines from the common Aril 4p D5/2 upper level.

Fig. 9

The results indicate no change within the experimental errors.
Comparison of Aril 442.6 ran line profiles as measured with the FabryPerot interferometer for the cases of non-lasing (o) and full power
lasing (•) of the 514.53 nm laser line. Both profiles agree in shape but,

of course, differ in absolute scale,
Fig. 10 Integral to peak height ratio (•) and full width at half maximum (o) of
the 442.6 nm emission line vs. 514.53 nm lasing power.
Fig. 11 Results of the modelling calculations: (a) 5 GHz Lorentzian emission
line profiles with (•), and without (0) the 2 GHz splitting and the
corresponding emergent line profiles with (x), and without (+) the 2
GHz splitting; (b) ratio of the emission line profiles with and without
the 2 GHz splitting; and (e) ratio of the emergent line profiles with
and without the 2 GHz splitting.
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