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Application to the Ar I 430.0-nm (1s4-3ps) transition

and the lifetime determination of the upper level
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We have developed a new method for determination of atomic transition probabilities based on
laser-induced-fluorescence spectroscopy (LIFS). In the method one produces a known population of
atoms in the upper level under investigation and relates it to an observed absolute line intensity. We
have applied this method to the argon 430.0-nm line (1s4-3p&): In an argon discharge plasma the
1s5-level population and spatial distribution are determined by the self-absorption method combined
with LIFS under conditions where the 3p8-level population is much lower than that of the 1sq level.
When intense laser light of 419.1 nm (1s&-3p8) irradiates the plasma and saturates the 3p8-level pop-
ulation, the produced 3p8-level population and its alignment can be determined from the 1s&-level

parameters as determined above, by solving the master equation on the basis of broad-line excita-
tion. By comparing the observed absolute fluorescence intensity of the 430.0-nm line with the above
population, we have determined the transition probability to be A =(3.94+0.60) && 10' s '. We also
determined the 3pz-level lifetime by LIFS. Several factors which might affect the measurement are
discussed. The result is ~=127+10 ns.

I. INTRODUCTION

Almost all experimental determinations of atomic tran-
sition probabilities and oscillator strengths, except for
those for the transitions terminating on the ground state,
have been made by using high-pressure arc plasmas. Elec-
tron densities and temperatures are determined through
plasma diagnostics, and by assuming local thermodynam-
ic equilibrium (LTE) the upper-level populations X„are
calculated. For a given experiment, the observed emission
line intensity Io is related to IV„and the transition proba-
bility A by

spatial nonuniformity of the plasma in the axial and radi-
al directions, the determination of the electron density and
temperature, the calibration of the absolute sensitivity of
the detection system, the determination of the line intensi-
ty by measuring on the recorder trace the "area" of the
Stark-broadened line which is superposed on a continuum
background, and the effect of radiation trapping.

TABLE I. Art 430.0-nm line transition probability. Ar:
pure argon. Hp. H~ diagnostics.

Io —— h vAN„Va,
0

4m

where 0 is the solid angle accepted by the detection sys-
tem, V is the observed volume, hv is the photon energy,
and a represents the decrease in radiation intensity due to
reabsorption by other atoms (opacity effect). If the abso-
lute sensitivity Q~ of the detection system is known, the
output S of the detector is related to Io.

S =Q~io

By combining the observed S and the calculated N„, we
determine A.

In Table I we present an example of the present status
of transition probability determinations taking the Art
430.0-nm (ls4-3pz) line as an example. ' ' A great ma-
jority of the experiments makes use of arc plasmas, one
exception (the plasma jet) being a LTE plasma, the
characteristics of which are essentially the same as the arc
plasma. As Table I suggests, transition-probability deter-
minations by the above method are accompanied by large
experimental errors. They may originate from, e.g. , the
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Furthermore, there are two problems associated with
the use of Eq. (1). The validity criterion for the establish-
ment of LTE was reexamined, and it has been shown that
for equilibrium plasmas, which is a class of plasmas in-
cluding arc plasmas, the validity criterion by Griem' is
inappropriate. Thus, the critical electron density given by
him is lower than the correct value by a factor of 30 for
hydrogen and hydrogenic ions. ' Secondly, Eq. (1) is
valid only when the upper-level population density is spa-
tially isotropic; since the high-pressure arc plasma is col-
lision dominated, we assume, this to be the case. However,
it is reported that excitation anisotropy, or alignment, is
detected for the excited-level population in an atmospher-
ic arc plasma. ' In such a case, the emission radiation has
a spatially anisotropic intensity distribution and is polar-
ized. Since we observe the emission in a particular direc-
tion with a detector having an anisotropic sensitivity dis-
tribution for different polarizations, the observed intensity
is not proportional to N„, and Eq. (1) is no longer valid.

In Sec. II we propose a different method for determina-
tion of atomic transition probabilities. This method is
free from many of the above sources of experimental er-
ror.

Similar problems also exist in the determination of
atomic lifetimes. Table II represents the present status for
the upper level of the 430.0-nm transition. Here a number
of experimental' and theoretical lifetime values
are listed, and they scatter over a factor of 3. Each of the
experimental methods is accompanied by various sources
of experimental error, and proper precautions should be
taken to eliminate or to make a correction for them in
designing and analyzing the experiment. For instance, the
delayed coincidence method is subject to the cascading ef-
fect unless the exciting electron energy is just above the

TABLE II. 3p8-level lifetime.

excitation threshold of the upper level concerned. Fur-
thermore, this method is not necessarily free from the ef-

.fect of radiation trapping which may lead to a prolonged
lifetime, even when the lower levels of the transitions are
excited levels. ' To make the matter more complicated, in
such a case, radiative disalignment of the upper-level pop-
ulation may affect the measured apparent lifetime. The
magnetic resonance method (and the Hanle effect method)
provides the product of the inverse lifetime and the Lande
g factor. Therefore, the accuracy of the g factor limits
that of the lifetime. Radiation trapping also affects mea-
surements with these methods.

We have previously proposed a laser-based method for
lifetime measurement, and this method has been tested
on the neon 2p 3p levels and the argon 3p 4p level. The
main advantages of this method are (1) it is free from the
cascading effect, and (2) since it employs optical excita-
tion, it is easy to control the alignment in the upper-level
population and thus to eliminate its effect. In Sec. III we
apply our method to the determination of the lifetime of
the argon 3p8 level.

II. Art 430.0-nm (1s4-3p8)
LINE TRANSITION PROBABILITY

As noted in Sec. I, Eqs. (1) and (2) are valid only when
the excitation is spatially isotropic and the emission radia-
tion is unpolarized. When these conditions are not satis-
fied these equations should be generalized in order to al-
low for the effects of excitation anisotropy, or alignment
in the present example. The basic idea of the present-
method of transition probability determination is by using
the pulsed laser-induced-fluorescence spectroscopy (LIFS)
we calibrate in situ the absolute sensitivity Q~ of our
detection system, and we produce by the laser excitation a
known number of the upper-level population X„along
with its alignment. We then use the generalized equations
of Eqs. (1) and (2) to determine the transition probability.
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The basic experimental arrangement common to the
sensitivity calibration, the transition probability deter-
mination, and the lifetime determination has been
described in Refs. 29 and 30, and only a brief account is
given here. A nitrogen-laser-excited dye laser delivered a
light pulse having a width of 5 ns and a repetition rate of
26 pps. This pulse was transmitted through a multimode
optical fiber in order to delay the light pulse and to depo-
larize the laser light. The light was focused, polarized
when necessary by a Gian- Thompson prism, and il-
luminated the discharge plasma of helium, neon, or argon
on its axis.

The Pyrex discharge tube had an inner diameter of 5
mm and a length of 3 cm which was defined by reentrant
windows. The base pressure was 3.5&10 torr before
high-purity gas was introduced. A dc discharge was run
with a cold cathode. Some atoms in a low-lying excited
level in the positive column plasma were excited by the
laser light to an excited level, and subsequent fluorescence
emission was observed along the direction perpendicular
to the laser beam through a monochromator (Nikon G-
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250, f/5, and a linear reciprocal dispersion of 3.4
nm/mm) with the slit parallel to the laser beam. The in-
tensity was measured with a photomultiplier (Hamamatsu
R928); to the first and third dynodes an activating gate
pulse of about 4 ps was applied, resulting in a supression
ratio of 37. The linear response of the photomultiplier
was confirmed to hold up to an output current of 20 mA
for a pulsed signal of 5-ns duration. The output of the
photomultiplier was fed to a boxcar averager (PAR 162
and 163) with a 1-ns gate, which was triggered by the
nitrogen-laser pulse. The output of the boxcar was
recorded on an X- Y recorder.

B. In situ sensitivity calibration

Again, the details of the method are given in Ref. 29.
In a helium discharge plasma, we determined the absolute
value of the 2'P-level population by the self-absorption
method combined with LIFS (see Sec. II D). Intense laser
light of A, =504.8 nm (2'P 4'S) —illuminated the plasma
to excite and saturate the 4 'S-level population. The popu-
lation 2V'„was estimated from the 2 'P-level population as
determined above, and we calculated the emission intensi-
ty Io from Eq. (1). By observing the fluorescence light in-
tensity of the 504.8-nm line, we obtained the output
current from the photomultiplier. By combining S and
Io, we determined the absolute sensitivity of our detection
system Q5o48. A similar procedure was followed to ob-
tain the sensitivity at A, =616.4 nm by using a neon transi-
tion (is3-2pz) In this case, however, the effect of excita-
tion anisotropy was taken into account and the modified
versions of Eqs. (1) and (2) were employed. The above re-
sults of the in situ calibration were found to be smaller by
1 l%%uo than the calibration based on a calibrated tungsten
lamp. Since the relative sensitivity calibration by using
the lamp was much more reliable than its absolute value,
we shifted our spectral sensitivity curve by 11% down-
ward over the whole range of wavelength. In the present
experiment we used another photomultiplier which had a
higher sensitivity than that reported in Ref. 29. At the
wavelength of 430.0 nm the absolute sensitivity is
Q43o. o =(1 53+0.15)X 10 A/W.

The relative sensitivities for polarized photons were
determined as follows. A magnetic field of 40 G was ap-
plied over the plasma in the direction of observation.
This precaution was necessary to destroy any polarization
of radiation possibly created by the anisotropy of the plas-
ma geometry. We thus obtained unpolarized plasma radi-
ation. By using an analyzing polarizer, we determined the
sensitivity ratio for linearly polarized light to be
0.926:1.079 for Q:Q, where vr denotes the polarization
to the direction of the laser beam, o. is to the direction at
right angles to it, and Q ~ ~

is the absolute sensitivity.
(The choice of the quantization axis is discussed in Sec.
IIC.) An advantage of the above in situ methods is that
they include the effect of transmission and reflection at
the discharge-tube wall.

C. Alignment

The 3p q level is excited by pulsed laser light of
A, =419.1 nm (1s&-3p8), and we observe the direct fluores-

cence light at 2=430.0 nm (is4-3ps) immediately after
laser excitation. Before the laser excitation the 3p8-level
population is smaller than the 1s5 population by several
orders of magnitude. Since the abundance of Ar is
99.6/o, we neglect the hyperfine structure of these lines.
The correlation time of our laser light (approximately the
reciprocal spectral width of 10 " s corresponding to the
width of 0.01 nm) is shorter than the reciprocal spectral
width of the atomic 419.1-nm line of 7X 10 ' s (Doppler
width). Therefore, the condition of "broad-line" excita-
tion is satisfied, and the effect of optical coherence be-
tween the upper and lower levels is neglected. ' ' In the
present case of unpolarized-light excitation the quantiza-
tion axis is defined to be along the laser-beam axis. The
unpolarized light is regarded as an incoherent superposi-
tion of o.+ and o. circularly polarized light and the den-
sity matrix of the level population is diagonalized. Figure
1 shows the Kastler diagram of the 419.1-nm line. The
3ps and ls5 levels have total angular momenta of J=2.
The magnetic substates connected by the lines in Fig. 1

are optically coupled by the unpolarized light. The laser
light excites some of the population X of 1s5 to 3p8.
When the intensity is low the upper-substate population is
proportional to the transition probability, i.e., the ratio is
2:5:6:5:2for I = —2, —1,0, 1,2, respectively; we have a
population imbalance or alignment. In the limit of high
intensity the 3p8-le'vel population is saturated, and the
substates populations are (2/25)%, (3/25)X, (2/25)N,
(3/25) X, and (2/25) X. We thus know the absolute popu-
lation in terms of N as well as the population imbalance
or alignment which is different from the low-intensity
case. The population and the alignment are treated quan-
titatively in Sec. II E.

m = —2

FIG. 1. Kastler diagram of the 419.1-nm transition (1sq-
3p8). The laser light is unpolarized: we regard this as in-
coherent superposition of the cr+ light. Relative transition prob-
abilities for the o. light are indicated.
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D. Laser-induced-fluorescence spectroscopy

The laser light was transmitted through a 20-m pure-
quartz optical fiber having a core diameter of 0.2 mm.
(The doped optical fiber has an appreciable loss for the
wavelengths shorter than 450 nm. ) With a combination
of simple lens and a photographic lens (smc Pentax-A
Macro100, f/2. 8), the image of the fiber core was focused
along the axis of the discharge tube. The image at the
center of the observed region was calculated to have a di-
ameter of 0.176 mm. To measure the beam profile a slit
was placed at the beam waist and the laser beam intensity
passing through the slit was measured with a p-i-n photo-
diode as a function of the slit position. An Abel inversion
gave the intensity profile; it had a flat top with small
wings near the edge. The effective diameter of the flat
top was (0.176+0.002) mm. In the following a uniform.
intensity profile is assumed, and the effect of the wings is
included as an uncertainty in the result. Figure 2 illus-
trates the portion of the plasma which was laser irradiated
and observed. The entrance and exit slits of the mono-
chromator had widths of 1 mm and heights of 5 mm.
This large width was for the purpose of observing the
whole irradiated plasma. The volume was V = ( 5.97
+0.59)X10 ' m .

The discharge current and the gas pressure were 4 mA
and 0.87 torr, respectively. The population of the 1s5 lev-

el averaged over the tube diameter before laser excitation

N, was determined by the self-absorption method. For
this a concave mirror was placed at the side opposite to
the monochromator, and we measured the emission inten-

sity of the 696.5-nm (1s5-2p2) line with and without the
mirror. From the intensity ratio we determined the
lower-level population. Here we adopted the transition
probability of 5.92&&10 s ' on the basis of the lifetime
measured by Borge and Campos ' and the branching ratio

by Musiol eI; aI. The result was 1V'=1.42~10' m

The spatial distribution of the 1s5-level population was

obtained with the LIPS method and the result is shown in

Fig. 3. Since the laser-beam diameter over the observed
volume was 0.176—0.754 mm on the axis, we calculated
the absolute lower-level population density on the axis be-

fore laser excitation as X =1.64%=2.33X 10' m . The
absolute number of lower-level atoms in the observed
volume was XV =(1.39+0.16)X 10 .

2.0

E. Saturation characteristics

We calculate here the population and the alignment of
the upper level for an arbitrary intensity of illuminating
laser light. The master equation for unpolarized broad-
line excitation is (see Fig. 1)

p 22 ~up22+ 6 3 (Pl 1 P22) '

p11= —I .p»+ 6)'(2pz2+3poo —5P11)

p 00 ~ Poo+ V(PI 1 Poo)

p 22 I lp22+ 6 Y(P11 P22)+ (2P11+ P22)6

p = —I p +—p(2P22+ 3poo 5p11)

(3)

+ (3poo+P11+ P22) ~

6

p = I poo+ X(p —poo)+ ~p»—
with

(4)

I i I 1 I 1 I i I

-1 0 2

diameter {mrn )

FIG. 3. Population distribution of the 1s5 level over the
discharge-tube diameter. This is obtained by tne self-absorption
method combined with LIFS.

Q. 176 mm

5mm ( slit height)

]i

i1

E
i8

where p~'~' is the substate population with the magnetic
quantum number m of the upper (lower) level, I „111 is the
depopulation rate of the upper (lower) level, 2 and d„1 are
the spontaneous transition probability and the reduced
matrix element of the transition line, respectively, and
I(A. ) is the laser-light density. Since no external fie'd is
applied, the off-diagonal elements of the density matrix
are absent. It is noted that p"'~ ~ =p~'~. The boundary
condition at I; =0 is

FIG. 2. The side-on view of the part of the plasma which is

laser irradiated and observed. The edge of the laser beam is

shown with the solid line and the image of the entrance slit with

the dashed line.

Q

pmm =0
=X/5 .

(5)

For the sake of simplicity, we regard the laser pulse as
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allow for this variation;having a rectangular shape with a 5-ns width; it is found
that the dependence of the solution of Eq. (3) on the laser
intensity is insensitive to the choice of the pulse shape or
the pulse width. We integrate Eq. (3) and the solution at
t =5 ns is regarded as corresponding to the peak of the
observed fluorescence intensity immediately after the laser
excitation. We adopt I „=1.8X10 s ' (see Sec. III) and
I I

——0. The disalignment in the upper and lower levels is
not included in the calculation. The error in the final re-
sult due to this neglect is estimated to be less than 0.3%.

As shown in Sec. IIC and the above, the upper-level
population is aligned and the fluorescence emission of the
430.0-nm line is polarized. According to Ref. 30, the ~
and o. components of the observed fluorescence are
described as

S =Q2 hvAa f N„F(y)dV .
Q
4~ V

In the saturation limit the integral in the above equation
takes the value of 0.489%V.

By using a stack of calibrated neutral-density filters, we
attenuated the incident laser-light intensity and measured
S for the 430.0-nm emission. (Some of the neutral-density
filters showed nonlinear transmission, due to the bleach-
ing effect, and they were discarded. ) The results are
shown in Fig. 4. The effect of superradiance was not ob-
served throughout the measurement (see Appendix for de-
tails). The saturation curve or the y dependence of the in-
tegral in Eq. (11) was fitted to the experimental results by
adjusting the curve verticaily and horizontally. This was
necessary since the laser-light intensity was measured only
relatively in this experiment. The result of the fitting is
also shown in Fig. 4. The absolute value of y shown in
Fig. 4 is for the center of the observed region. The output
current of the detection system was obtained to be
(4.60+0.04) X 10 A in the saturation limit.

I = —,Ip(1+2W2),

I~ = , Ip(1 ——W2),
(6)

where Io is the intensity that we would observe in the ab-
sence of alignment in the upper-level population, Eq. (1),
and W2 is the depolarization coefficient (rank of 2),

3(2J„+1) Ju Ju
W2 ——( —1)"

1 1 Jf
L

F. Result

For our experimental conditions 0/4+ =2.48 X 10
the correction factor a was estimated from the amount of
absorption of radiation emitted at the tube axis on its way
to the tube wall: a =0.98. By combining the quantities
in Eq. (11) we determined the transition probability of the
430.0-nm line as A =3.94&& 10 s '. Uncertainties ac-
companying determinations of S, N„V, and Q2 are,
respectively, 0.9%, 11%,and 10%. Thus, the total uncer-
tainty is 15%:

pp(Ju Ju)

pp( J„J„)
Here, J„and Jf are the total angular momenta of the 3p8
and Is4 levels, respectively: J„=2 and Jf——1, I ] is the
6-j symbol, and Pp(Ju J„) and Po(J„J„)are the irreducible
components of the density matrix of the upper level. We
note that the coefficient 8'2 depends on the laser intensity

y, and Ref. 30 gives its calculation formula for the low-
and high-intensity limits. Since we are dealing with the
case of W2&0, Eq. (2) is modified to include Eq. (6):

S=Q I +Q I laser light intensity ('fo )

1001+2W2 Q 1 —W2 Q
Q2. 0 2 g 2 g

1 O
2

(8)

4.60 x 10-' A 0.5
By using the relation X„=poo+2p&~+2pzz, we rewrite
Eq. (8) as

S =Q2 hvAN„F(y)Va,Q
4~ O. 1

0.05

(9) C
1O

(J

CL.

0

where F(y ) is the correction factor to Eq. (2) arising from
the alignment and the difference in Q and Q

Pl 1 + TPOO QuF(y)=—
2 2pz2+2p»+pop Q2. 10

1O"1O8

Y (Hz)Q & Q & u
P22+ 2 pl 1+ 6 ppp Qu.

Q Q Q2p22+ 2p1 I +poo
FIG. 4. The output current for the observed fluorescence in-

tensity as a function of the laser-light intensity: Experimental
data are fitted to the theoretical curve [see Eq. (11)]. In the
saturation limit of the 3p 8-level population,

f N„I'(y)dV =0.489%V and we obtain the output current of
(4.60 +0.04) )& 10 A.

For our conditions 1.03 & F(y) & 1.11, depending on y.
As suggested by Fig. 2 the laser-light intensity is not

uniform along the laser beam. Equation (9) is modified to

SATURATED FLUORESCENCE METHOD FOR DETERMINATION. . .
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A =(3.94+0.59) X 10 s

Table I shows the comparison with other data. Our result
is in agreement with Wiese' within the error limits.

G. Concluding remarks

We have proposed a laser-based method for determina-
tions of atomic transition probabilities. In this method it
is necessary that the following conditions are satisfied:

2.0

I
lh

C)

1.5

1. Broad-line excitation.
2. y ) I „(quasisaturatio. i).
3. Superradiance does not take place.

For the methods to confirm these conditions, one is re-
ferred to, for example, Ref. 30 and the Appendix of this
paper. In the present measurement, the effect of disalign-
ment can be neglected, as described in Sec. IIE. When
this effect is appreciable, the master equation (3) should
be modified to take this into account. The uncertainty of
the obtained result is strongly dependent on the laser
power through the observed volume. This is because a
larger radius of the exciting beam from a higher power
laser leads to a smaller uncertainty in defining the volume
V. A similar argument also holds for the in situ calibra-
tion of the detection system (Sec. IIB). In the present
measurement, the low power of our laser results in a large
uncertainty of 15%. If the power had been higher by 2
orders of magnitude, .the uncertainty would have been less
than 5'Fo.

III. LIFETIME OF THE ARGON 3ps LEVEL

For measurement of the lifetime of the 3p8 level, an ar-
gon positive column plasma was used as in Sec. II. In this
case the discharge current and the gas pressure were 2 mA
and 0.09—2 torr, respectively. Before illuminating the
plasma the laser light was linearly polarized with a Glan-
Thompson prism, where the polarization direction was at
an angle of 55 with respect to the direction of observa-
tion (magic-angle excitation). The laser beam had a diam-
eter of 1.2 mm at the plasma. A magnetic field of about
40 G was applied over the plasma in the direction of ob-
servation; the half Larmor period of about 4 ns was short-
er than the time resolution of our detection system of
about 5 ns. This combination was necessary to eliminate
the alignment effect of the upper level on the decay mea-
surement of the fluorescence intensity. Otherwise, the ob-
served decay would be different from the decay of the
population.

The decay rate of the direct fluorescence intensity of
the 430.0-nm line (1s4-3ps), or the total depopulation rate
of the 3p8 level, was measured. The aperture delay range
of the boxcar averager was 200 ns, and the time base was
calibrated absolutely by using the time-of-Aight method
of the laser pulse over 16.3 m. Figure 5 shows the ob-
served decay rate as a function of the atom density. The
experimental data were fitted to a straight line by the
least-squares method as shown in Fig. 5. From the inter-

0.5—

2.0 3.0

atom density ( 10 m )

FIG. 5. The depopulation rate of the 3ps level as a function
of atom density. The experimental points (~ ) are fitted to a
straight line by the least-squares method: 3.55 & 10 ' N
(m )+7.90~10 s '. The reciprocal of the intercept at the low
density limit gives the lifetime of 127 ns. The data point (0 ) is
obtained during the course of the transition probability measure-
ment (see Appendix).

cept at the low-density limit, the radiative decay rate of
the 3p8 level was determined as (7.9+0.3)X10 s ', or
the neutral lifetime (127+5) ns.

Several factors which might have affected our deter-
mination of the lifetime had to be examined. (1) The ef-
fect of radiation trapping is examined on the three lines of
419.1 nm (1s5-3ps), 430.0 nm (lsd-3p8), and 462.8 nm
( ls2-3p8). Among them, only the 419.1-nm line can have
an appreciable effect, since only this line has a metastable
lower level. By the same method as in Sec. II D, we deter-
mined the population of the 1s5 level. The optical thick-
ness of the 419.1-nm line at the line center is calculated to
be less than 0.04 under our experimental conditions. For
the 430.0- and 462.8-nm lines the optical thickness is
much smaller. These small values are due to the fact that
these 1s~-3p8 transitions are responsible for only a small
portion of the radiative decay rate of the upper-level pop-
ulation, about 6%. Thus, the effect of radiation trapping
is neglected. (2) Superradiance did not take place. Details
are given in the Appendix. (3) A part of the laser-excited
population of the 3p8 level is collisionally transferred to
other 3pk levels and further transferred back to the origi-
nal level (backtransfer). We neglect this effect, and this is
justified as follows. In the case of the neon 2p& level we
found that the effect of backtransfer decreased the ap-
parent depopu'lation rate of the upper level by 9% at a gas
pressure of 0.79 torr. By using the appropriate transfer
rates in this neon case we made a computer simulation
and this was applied to the argon case based on the three-
level model. We found that the backtransfer affects only
the collisional depopulation rate (the slope in Fig. 5) and
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APPENDIX: SUPERRADIANCE

When a group of atoms is excited by laser radiation,
population inversion may be produced on a transition
which originates from the upper level. If the population
difference exceeds the threshold value, the excited atoms
may start to radiate very strongly to a particular direction
(in our case, the discharge-tube axis). This phenomenon is
called "superradiance" and is due to the spontaneous
phase locking of atomic dipoles. For a nondegenerate
two-level system, the threshold population density for su-
perradiance is

%th ——84cuD/lA, 3, (A 1)

that the maximum error due to |ts neglect in the lifetime
is 3% under the conditions of Fig. 5. Furthermore, the
argon 3p8 level is expected to be subject to associative ion-
ization; the ionization potential of this level is 1.25 eV and
the potential depth of Ar2+ molecular ion is 1.30 eV.
This assumption is supported by a microwave experiment,
where we applied the microwave-cavity resonance
method to observe a temporal development of electron
density of the plasma following the laser excitation, and
we obtained an appreciable increase in electron density.
Thus, we conclude that a large portion of the depopula-
tion is carried by associative ionization and the population
is lost from the 3p 5p configuration levels. We estimate
the experimental uncertainty due to the neglect of the
backtransfer to be 1%. (4) The effect of electron col-
lisions is neglected. This is justified by the fact that the
depopulation rate does not change when the discharge
current is increased by an order of magnitude.

From the above consideration we estimated the experi-
mental uncertainty. The final result for the lifetime of the
3p& level is (127+10) ns. Table II shows the comparison
with other data. Our result agrees with those of
Chenevier and Goulet' and Erman and Huldt, ' although
the latter experiment needs critical reexamination. The
fact that the delayed coincidence experiments, with one
exception, give rather large lifetimes suggests that cascad-
ing from higher levels affects these lifetime determina-
tions. The theoretical data show almost the same value
and agree with the present result.

]0
population ( m )

FIG. 6. The depopulation rates of the 3pg level against the
population of this level. X,h is the estimated threshold popula-
tion for superradiance. No appreciable increase in depopulation
with increasing population density over X,h is seen.

where AcoD is the Doppler width, l is the length of the
medium, and A, is the wavelength of the line. If superradi-
ance took place to a line originating from the 3p8 level,
the population of this level would have been lost within a
short time; as its result, we would have obtained a shorter
lifetime and a smaller transition probability. Thus, super-
radiance should be avoided in our measurements.

In this present case the 3p 5p configuration level 3p8
has three transition arrays: 4s-5p, 5s-5p, and 3d-5p. As
Eq. (Al) suggests, the 5s-5p transitions have the lowest
threshold value and, among them, the 2.98-pm line (2s4-
3ps) has the smallest value of N, h. 7X 10"m ' «r & =3
cm, where the transition probability of this line is adopted
from Ref. 26.

In the lifetime measurement, the maximum population
density immediately after the laser excitation %„was
about 4 && 10' m, apparently above the threshold.
Therefore, it was probable that the superradiance took
place. Figure 6 shows an example of the measured de-
population rate as a function of N„(the discharge current
is 2 mA for the pressure of 0.4 torr). The population den-
sity K„was changed by attenuating the laser-light intensi-
ty and the depopulation rate was measured. (The data
shown in Fig. 5 were obtained at the maximum laser in-
tensity. ) Figure 6 shows no appreciable increase in the
depopulation rate with increasing X„over the threshold
value N, h indicated with the arrow. We thus conclude
that no superradiance has taken place.

In the transition-probability measurement, the max-
imum population X„was 1.12& 10' m . For this con-
dition, we measured the depopulation rate of the 3p8 level
(0.&7 torr, 4 mA) as (1.97X0.20) X 10 s '. This is plot-
ted in Fig. 5 and shows good agreement with the depopu-
lation rate obtained in the lifetime measurement. Thus we
conclude that no superradiance has taken place, too, in
this mse. The good agreement in Fig. 4 between the ex-
periment and the mlculation supports our conclusion.
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