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T~~!ition probabilities for nine allowed tran. iitions between the 5s )1/2], and 3p states of neon have

been measured in side light emission from a discharge tube placed inside a He-Ne-hser radiation field.

The laser was tunable at nine viable lines belonging to the Ss [1/2]&-3p array. The gas mixture and

the discharge current were adjusted so as to obtain a transpmrent plasma at the respective laser

wavelength. Such a pb~me is clMLracterized by an abence of both resonance absorption and stimulated

emission, creating a condition that N, /N, = g,/g, between the upper- and the lower-energy levels of
the laser transition. This condition i~~ediately enables the intensity ratio of two transitions arising

from two difFerent energy leveh to be reduced to the ratio of the transition probabilities. The relative

A values were put into an absolute scale using Bennett and Kindlmann's lifetime data on 3p levels.

Nine independent measurements were made through the use of nine laser transitions. Excellent

agreement was seen between these independent measurements. The estimated error in the relative

measumnents is 2%, and the best value of the absolute A t;», was found to be (0.339 +0.014) X 107s

When compared with the data of Hansch et al. and Bychkova et al. , who employed a similar method

b t oal'J laM t it' t 6358, galll t djsaywm t
' . lt f 1 th t th

self-absorption of 3p-3s lines is as large as 20%. Argon was added to reduce this effect to a negligible

level. There is strong evidence that this efFect was disregarded in other measurements, thereby resulting

in the large disagreement with our data

I. INTRODUCTION

Despite the importance of the neon 38, -2P4
transition (the Paschen notation will be used
throughout the following text) at 682.8 nm in the
He-Ne laser, very few experimental works' '
have reported measuring the radiative transition
probabilities connected to this transition. In par-
ticular, the uncertainty of the measured values is
reported as large as 20-80%. The Ss, state of
Ne, , s li.es rather high above the ground state, and
the spectra originating from this level range from
vacuum uv to infrared. The resonant self-absorp-
tion of the uv line and the complexity of the detec-
tor arrangements make it unrealistic to measure
relative A. values and normalize through the life-
time of the level.

The method used in this experiment is very
similar to the ones used by Hansch and Toschek, '
Bychkova et az. ,' and others. '~ A laser is used
as a resonance lamp to illuminate an absorption
cell containing a discharge of a gas under investi-
gation. The discharge tube was placed inside the
laser optical cavity in order to make use of the
full strength of the cavity field. In such an ar-
rangement, the lower-energy state need not be a
ground state or metastable state as in the case of
a conventional resonance absorption technique.
An intense laser field interacts strongly with the
pair of energy levels in resonance, perturbing
the populations of these energy-level pairs selec-
tively. The amount of perturbation is effectively

detected in the changes of the intensities of the
spontaneous side light components emitted froxn
these levels. It is possible to adjust the discharge
conditions of the absorption cell in such a way
that there is neither absorption nor stimulated
emission of the line in resonance. At this mo-
ment the net interaction ceases to exist between
the laser field. and the plasma; the plasma is
"transparent" to the laser radiation. This con-
dition can be determined very accurately by de-
tecting "null, " when the intensity change in the
side light comyonents vanishes. Such a transpar-
ent plasma will render a constraint between the
populations of the energy levels in resonance,
such that

N /N =g /g,
where N& is the population and g& is the statistical
weight of the state. A direct comyarison of bvo

emission intensities of spectra originating from
different energy levels does not provide a relative
transition probability unless a good knowledge of
populations of the levels is available. In this ex-
periment, however, Eq. (i) immediately removes
this difficulty. The intensity ratio I,/I, in this
case may be written as

~I A, N, hv, A,g, A

A,N,kv, A,g, h,
'

where A~ is an absolute transition probability, kv&

is photon energy, and X, is wavelength Intensity.
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I, is given in units of [photon energy/sec]. Since
wavelengths and statistical weights are known, the
ratio of transition probabilities, A, /A» is readily
obtained if the intensity ratio is determined ex-perimentallyy.

%e believe that this method deserves a fuxther
development in both theory and experimental tech-
nique, since it has potentially a wide applicability
in measuring transition probabilities between ex-
cited states high above the ground states of vari-
ous elements. Because of the mox'e direct ap-
proach and fewer assumptions, systematic errors
are intrinsically smaller edith this method. Since
many laser oscillations have become available
fairly routinely in various elements, the scope of
this method is no longer limited.

3s

Ni, gi 35& I I)
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II. RATE-EQUATION ANALYSIS

The schematic levels of Ne & are shown in Fig.
1(a). ¹nelaser oscillations are possible between
Ss, and nine of the ten 2P levels (the transition to
2P, is forbidden). The wavelengths of these tran-
sitions are given in the second column of Table II.
In order to illustrate the model used in the rate-
equation analysis belovr, considex' energy levels
&8, and &p, . They are denoted by l1) and jR),
respectively, and shown in Fig. 1(b). ln a low-
pressure glow discharge, the populations of en-
ergy levels attain a steady state through detailed
ibalancing of excitation and deexcitation mech-
anisms. If a strong semimonochromatic radia-
tion field p(X) (a laser field at X = VS0.5 nm in this
particular case) is applied from an external
source and allowed to interact with levels ] 1) and

l 2), the steady-state rate equation for level ] 1)
may be written as

0= dN, /dh = -N, W, —p(~)(B„N, -B„N,) +It„(S)
and if the field is removed from the plasma,

O=dN,'/dt =-H,'W, +R„ (4)

where N, and N,' are the populations of level l 1)
when the laser field is on and when the laser field
is off, x"espectively; 8', is the total deexcitation
coefficient of level l1); &, is the rest of the pro-
cesses, vrhich are assumed unaffected by thepres-
ence of the laser fieM (this assumption is valid
since the correction term due to collisional ex-
citation from level l 2) is negligibly small, and
eventually it mi11 vanish when the plasma becomes
transparent}; and Bs is the induced transition
probabilities between levels l1) and l 2). Taking
the difference between Eqs. (S) and (4) yields

&N, W, = p{X)(B—„N, - a„N,),

where &N1 = N, N,'. S—imilarly, for the state l 2),
ay btai

&N, W, = p(X)(B»Nj —B„N1)+C&N1 ~

The additional term C~+i is introduced in ordex
include explicitly the contx'ibution due to the direct
and indirect cascading from level l1). The de-
excitation coefficient S& includes such processes
as the radiative decay and the collisional relax-
ation by electrons, ions, and ground-state atoms.
Thus, rate equations (8}and (4) are exact to the
extent of the assumption that g& remains un-
changed by the field. If the discharge condition
is adjusted by varying the gas composition and the
current density in such a way that the plasma be-
comes totally transparent to the lasex radiation,
the interaction ceases to exist. Difference terms
&N, and LN, in Eqs. (&) and (5) vanish at this
moment, and both equations reduce to the foBom-
ing exact equation:

Ng gs
I(

2p, I2&

RP8

Is
5
4
5

Ne I GROUND LEVEL
I

Is&

FIG. 1. (a) Schematic energy-level diagram of Ne t.
g) One of the nine sets of neon transitions and energy
levels directly involved in the rate-equation analysis.
Paschen notation is used.

Equation (1) immediately results from Eq. (7},
since B»/B„=g,/g, . The transparency condition
may be detex mined by monitoring spontaheous
side light emissions I, and I, arising from levels
l1) and l S), respectively. Since I, is linearly
proportional to N&, ~Iq =0 verifies the condition
that 6N, =Q. The ratio I,/I, measured at this
juncture will determine the relative transition
probability of these two emission lllles via Eq, (2).
A ne% set of enex'gy levels and an appx'opriate
laser line is selected and the same procedure is
repeated. Altogether nine such measurements
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can be made since there are nine different laser
transitions. The 38, —2P4 transition at 632.8 nm
eras chosen for I, throughout the experiments. As
for I» one from every group of 2P -1s transitions
{see the first column of Table I) with a common
upper level is judiciously chosen for each set of
energy levels and a laser line. Thus, in effect,

A values of these lines were determined vrith re-
spect to A„, ,

III. APPARATUS

The most essential part of the experiment eras
to make available a He-Ne laser that was capable
of lasing at the entire nine wavelengths in», -

TABLE I. Summary of relative transition probabilities A~/tA832 8, and procedures of nor-
malization to obtain the absolute value A832 8. A~ is an A value of a 2p-ls transition and A632 8
is the A value of the 382-2p4 transition at 632.8 nm.

Transitions A~/Agp2 8 g&Q~/Ag32 8) g &Ap&
= 7'

A 832.8
(10 sec )

2pg -ls4
82

2p2 -ls5
s4
83
S2

2p3 -ls4
82

2p4 -ls5
s4
82

2p5 -ls5
s4
83
S2

2pe -185
84
S2

2p 7 -185
84
s3
S2

2ps -ls5
84
S2

2p 10-185

84
s3
S2

640.056
585.249

588.190
603.000
616.359
659.895

6Q7.434
665.209

594.483
609.616
667.82S

597.563
612.845
626.650
671.704

614.306
630.479
692.947

621.728
638.299
653.288
702.405

633.443
650.653
717.394

640.225

703.241
724.617
743.890
808.246

0.265
20.118

3,379
1.654
4.319
6.844

17.783
0.0867

3.345
5.342
6.883

1.Q35

0.196
7.346
6.403

8.317
1.228
5.137

1.879
9.470
3.192
0.557

4.761
8.839
0.846

7.472
2.759
0.682
0.0355

20.383

16.195

14.681

15.098

14.446

10.949

6.95 ~

(7.15) d

5.31
(5.19)

5.69
(5.s6)

5.23
(5.22)

5.02
(6.13)

6.07
(6.ol)

6.03
(6.o2)

5.04
(5.10)
5.15

(5.06)

4.04
(S.78)

O.S41O'
(0.350S) d

0.3279
(0.3206)

Q.3184
(0.3279)

0.3359
(0.3363)

0.3351
(0.3426)

0.3453
(o.341s)

0.3332
(0.3326)

0.3489
(o.s530)

0.3690
(0.3452)

(A,» y,„= O.3394'
(0.3389) ~

Statistical errors wexe less than 1%. Estimated systematic error 2%, except for 665.2-
and 808.2-nm lines, where it is 6%.

b Estimated uncertainty 2%.
Figures without parentheses are based on Bennett and Kindlmann's (Ref. 10) lifetime ex-

periments.
Figures given in parentheses are based on Bridges and Wiese's (Ref. 9) relative emission

experiments.
Error on the average value is 1.4g. The standard deviation of the individual A632 8 is 4.2%.
Error on the average value is 1%. The standard deviation of the individual A&32 8 is 3.2%.

Better consistency is'seen with the values given in parentheses.
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FIG. 2. Experimental setup. The double-prism ar-
rangement as shown in the circle was used to separate
the 629.3-,632.8- and 635.2-nm lines. The direction of
observation and the electric vector of the laser field lie
in the same plane.

mp& transitions, including the 632.8-nm line, and
whose oscillations could be tuned individually at
a single wavelength. As reported by various au-
thors, ' ~ laser oscillations were observed at all
of the nine transitions. We constructed two alu-
minum cold cathode lasers with 4-mm-bore
Pyrex tubing, one having 1-m discharge length
and the other 1.5 m. Both lasers were provided
with Brewster windows and a stopcock. The tubes
were filled with He' and Ne" in the ratio of 6.5
to 1, at a total pressure of 1.3 Torr. This com-
position of the gas was found experimentally to
yield maximum gain for the weaker lines towards
the yellow and green regions.

As shown in Fig. 2, the cavity configuration of
our laser was very much similar to the ones de-
scribed in Refs. 5 and 6, in which use was made
of one or two full-dispersion Brewster-angle
quartz prisms. Spherical mirrors of radius 2 m
were placed at an angle of minimum deviation for
the region of the wavelengths of the laser lines.
Three sets of mirrors, dielectric coated for max-
imum ref lectivity, were necessary in order to
cover the entire nine laser lines; the wavelengths
of the coating were 540, 620, and 730 nm, each
corresponding to laser oscillations at 543.4,
593.9-640.1, and 730.5 nm, respectively. The
cavity configuration was of long radius so as to
excite off-axis transverse modes deliberately in

order to fill the doppler-gain profile as much as
possible. The selection of the individual laser
line was accomplished by adjusting the tilt of the
mirror located closer to the prism, while the
other mirror was held fixed. The intracavity
prism may also be useful in suppressing the
multiple-path gain of the 3.39-p, oscillation, but
it cannot quench the single-path gain or the so-
called superradiance effect. This effect was re-
duced to a negligible level when a string of per-

manent magnets was placed along the full length
of the discharge. It was observed that some
weaker lines stopped lasing when the magnets
were removed from the discharge. When the sec-
ond set of mirrors coated for 620 nm were in use,
there were as many as four neighboring lines os-
cillating simultaneously at one setting of mirror
tilt. This fact made it necessary to employ the
second prism in tandem in order to separate out
three red lines at 629.3, 632.8, and 635.1 nm.

The discharge tube, containing the gas to be
studied, was placed at the farthest end of the
prism as shown in the figure. The discharge tube
was made of Pyrex tubing having 4-mm-bore di-
ameter, 1-mm wall thickness, and 4-cm dis
charge column. It was provided with Brewster
windows, an aluminum cold cathode, and a vacuum
stopcock. While it was in the laser cavity it was
separated from the vacuum station. After each
measurement the tube was evacuated down to 10 '-
Torr range before the next gas filling, in order
to ensure freedom from any possible gas contam-
ination. The laser and the discharge tube were
excited by two separate high-voltage regulated dc
power supplies. An optimum laser tube current
varied for different laser lines; its value was
approximately 10 mA for the green line, 18 mA
for yellow lines, and 28 mA for the rest of the
lines. The discharge tube was operated typically
at a current below 10 mA. The detail of the gas
composition and the discharge conditions for the
transparent plasma will be described in Sec. IV.

The central portion of the discharge plasma was
focused on the entrance slit of the Jarrel-Ash
~ -m grating monochromator. The direction of
the observation was parallel to the electric field
vector of the laser field. An anisotropy of the
spontaneous radiation pattern due to the alignment
of the radiating atoms along the optical field is of
no importance since when the plasma becomes
transparent to the laser field, no net interaction
exists between the radiating atoms and the field;
thus ~I& = 0 in any direction of the observation.
The detection was made by an EMI 9558A photo-
multiplier tube (S-20 response) and its photocur-
rent was measured by a Keithley model 417 pi-
coammeter. The lens-monochromator-photo-
multiplier-tube system was calibrated against a
quartz iodine standard lamp, whose absolute
calibration was within 5%. The relative response,
however, could be calibrated to as good as 1%
when the spectral line separation was less than
100 nm. The photomultiplier tube was selected
for a low dark current and was operated at a room
temperature. Intensities of the emissions were
strong for most of the lines and an excellent
signal-to-noise ratio was obtained. This fact
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eliminated the use of phase-sensitive detection,
which mas originally considered.

lV. EXPERIMENTS

To determine the optimum gas mixture of the
discharge tube, the following experiment was per-
formed in the experimental setup. as shown in

Fig. 2. With the laser tuned to 611.8 nm(3s, - 2p, ),
intensity changes 61,

'

and b'&, were monitored in
the spontaneous-emission side light components
at 632.8 nm (3s, —2P4) and 630.5 nm (2P, —1s,),
respectively. The discharge tube was filled withe
Hes and Ne'0 mixture at 1.5 Torr. The neon par-
tial pressure was varied from 0.05 to 1.3 Torr.
The measurements mere made at various dis-
charge currents between 2 and 12mA. In Fig. 3,
the curves of DI, (632.8 nm) at 2 and 12 mA are
plotted against neon partial pressure. As clearly
seen in this figure, ~I& vanishes at neon partial
pressure between 0.8 and 1.1 Torr for a discharge
current ranging from 2 to 12 mA. The plasma
becomes transparent when ~I& =0. %Shen ~I& is
yositive the lower laser level is more populated
so that a net absorption of the lasex light takes
place, and when &I& is negative a population in-
version is created. Notice that the maximum yop-

ulation inversion occurs at a helium-neon mixture
ratio of V to 1 approximately.

Owing to the levels ls, ,4, , being metastable, the
spectral lines terminating on these. levels are
partially self-absorbed. Also, the fs, level be-
haves like a metastable state under the gas-pres-
sure range of this experiment, because the uv
radiation connecting the ground level is complete-
ly trapped. The effect of self-absorption is pro-
yortional to the A value of the spectral line. The
intensity ratio of a strong to a weak line may be
decreased under the presence oi seQ-absorption.
In the 2P-1s transitions of neon, it was found
that some strong-line intensities were decx eased
as much as 20% under a discharge condition sim-
ilar to this experiment. This effect is demon-
strated in Fig. 4. Four spontaneous emissions
belonging to the 2p, -1s transition group were
measured at various neon partial pressures while
the total px'essure of the He' and Ne'0 mixture was
kept constant at 1.5 Torr. The discharge current
was set at 5 mA throughout. The 702.4-nm line
(2p, -1s,) was taken as the reference to evaluate
the relative transition probabilities of the three
other lines. Since the 18~ level mould be less
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FIG. 3. Intensity change EI ~ of the 632.8-nm spon-
taneous-emission line vs neon partial pressure. The
laser fieM at 611.8 nm perturbed the populations of the
3@2 and 2@8 levels. The total gas pressure of He3 and
Ne was held constant at 1.5 Torr. The plasma becomes
"txansparent" at the neon partial pressuxe between 0.8
and 1.1 Torr as the discharge current is varied from 12
to 2 mA.

FIG. 4. Effect of self-absorption on the appaxent rela-
tive A values of some neon lines terminating on 18 metas-
table levels. AY 2 (2p&-182 transition at 702.4 nm) is
taken as a reference. Measurements mere taken in the
side light emission from a discharge tube containing a
He-Ne mixture at 1.5 Torr. Discharge current was 5
mA. Additt, on of argon into the discharge removes the
self-absorption effect as shove by a dotted line.
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metastable than the other Is states and the A. val-
ue of the 702.4-nm line (denoted by A, , in Fig. 4)
happens to be xelatively small compared with the
other A values in this group (denoted byA, - 4 ,),
this line is expected to be least affected by the
self-absorption effect. As clearly seen in Fig. 4,
the "apparent" relative A value varies as a func-
tion of neon pax'tial pressure. For example it is
decreased at least 15% from the true value at a
neon partial pressure of 1.0 Torr, at which the
plasma becomes transparent according to Fig. 3.
Hence, a significant amount of systematic error
would result in the relative A values unless this
effect is eliminated. Such an effect indeed could
be avoided if the plasma is optically thin, or the
metastable state populations are rapidly destroyed.
It should be noticed further that in Pig. 4, the
relative A value increases as neon partial pres-
sure is reduced. Collisions with the ground-
state helium atoms effectively destx'oy these
metastable 1s states. Such a eollisional destruc-
tion mechanism is more dominant than the colli-
sions with the container wall, since the mean free
path between atom-atom collisions is estimated
to be 0.1 to 0.2 mm at 1.5 Torr while the dis-
chax'ge tube diameter is 4 mm. Collisions with
the ground-state neon atoms, however, do not
contribute to the deexcitation since the resonant-
transfer-excitation effect repopulates the 1s
states after collisions. Thus, in the zero-neon-
partial-pressure limit, a true relative A. value
may be obtained because the lifetime of the is
metastable states will be effectively reduced, and
at the same time the total neon particle density
becomes small enough to yield an optically thin
plasma.

The eolllsional deexcltatlon of the neon 1s states
will be more effectively carried out by hydrogen
or argon' atoms instead of helium. Ne added 0.1
Torr of argon to the He-Ne mixture while the to-
tal pressure was maintained at 1.5 Torr. The re-
sult for A, -,/A, -, is shown by circular points in

Fig. 4. Notice these points fall on a straight line
(a dotted line) throughout the pressure range of
this experiment, and it is in a very close agree-
ment (within 1%) with that obtained by zero-pres-
sure extrapolation. The effect of argon was the
same for the rest of the emission lines of the
2P —1s tr ansition array. Ne believe that the
presence of the argon continuum in the vicinity of
the neon Is metastable levels is responsible for
the effective destruction of these states. Although
the emission intensity of all lines became some-
what weak owing to the addition of argon, a simi-
lar inversion characteristic, as seen in Fig. 3,
was still preserved except that the emissions are
now free from self-absorption.

The detection of the plasma transparency and
the comparisons of intensity components I, and

I, were conducted in the following manner. The
discharge tube was filled with a He-Ne-Ar mix-
ture at a total px'essux e ranging from 0.8 to 1.4
Torr, of which argon partial pressure occupied
0.1 Torr always. The rest was a mixture of Hes

and Ne' at the ratio of 1 to 2 approximately. The
discharge was run about five minutes or longer
for the tube to reach equilibrium. The mono-
chromator slits were set at 25 p. First, I, (622.8-
nm emission) was monitored with the laser radi-
ation "on." The output of the picoammeter was
continuously recorded on the stx'ip-chart record-
er. The laser field was then blocked to see if
there was any change in the intensity (EI,) on the
chart trace. If there was a change, the discharge
current was adjusted slightly and the same pro-
cedure was repeated until there was no observable
change of the recorder trace. The minimum dis-
cernible amount of the change on the recox der was
approximately —,'% of the full scale in the most un-
favorable situation. The "null" condition was cre-
ated at the discharge current of 5 mA or less. If
the current exceeded 5 mA, a new gas filling was
sought for in order to keep the current below 5
mA. This was one of the precautionary measures
to ensure the absence of self-absorption. Once
the null was detected on I„ the emission fxom the
lower level, I» was selected and the same null
detection pxocedure was repeated to see if there
was any residual intensity change which might
have eluded detection. This entire pxocedure was
then repeated ten times on the average over the
same pair of energy levels. %hen the particular
set of energy levels 3s, and 2P, was under investi-
gation, the detection of the null was impaired by
presence of the scattered laser light at 632.8 nm
caused by the discharge tube walls. This problem,
however, was alleviated by monitoring the 611.8-
nm line instead, as well as the line from the lower
laser level. In selecting the lines to be monitored
among the numerous possibilities, the first pref-
erence was placed upon such lines that tex mi-
nated on the 1s, level. If such a line were too
weak or too remote from the 632.8-nm line, the
second preference was placed on those lines with
medium strength terminating on other than the 1s,
level, and located near the 632.8-nm spectrum.
This was another precautionary measure to avoid
self-absorption(if any) and the calibration error
of the detector spectral response.

V. RESULTS AND DISCUSSION

The relative A values for 2P - 1s transitions
with respect to A632 8 were obtained and are listed
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as A~, /A», , in the third column of Table I. The
error is estimated to be 2% except for extremely
weak lines such as 665.2 and 808.2-nm lines,
where it is 5%. It is interesting to compare the
results with those obtained by Hansch' and Bych-
kova' at this stage. Only one laser (632.8 nm) was
used in their experiments so that there is only one
relative value, A«~ 8/A», „available for the com-
parison. The value for A,»,/A, » „according
to their results, is 4.71 and 3.36 respectively,
while it is 5.34 in our data. The differences of
12 and 31% respectively, below our value may
well be attributed to the self-absorption of the
609.6-nm line, since the absorption is strong in
this particular line.

We proceeded to convert relative values into the
absolute scale using the well-established lifetime
data by Bennett and Kindlmann, ' the uncertainty
of which is claimed to be I-3%%uo. The relative val-
ues are summed within the group sharing the
same upper level, and presented in column 4 of
Table I. The absolue transition-probability-sums
according to Bennett e~ al. are shown in column 5

without parentheses. The absolute value of A632 ~

therefore, may be calculated by dividing column 5

by column 4. This yields nine independent A~, ,
values as shown in column 6 without parentheses.
The best value for A,», is found to be (0.3394 +
0.0048) x10' sec ', the uncertainty being 1.4%, a
considerably large portion of which was added by
the ninth A,», deviating greatly from the rest.
The values given in parentheses are based on the
recent emission experiments by Bridges and

Wiese, 9 who performed relative measurements
over the entire 2p -1s array assuming a local
thermodynamics for the 2P levels. Their rela-
tive values were normalized to the total transi-
tion probability sum by Bennett and Kindlman. "
Although the data set of Bridges and Wiese does
not provide an independent check for the absolute
scale of A.632 ~ 8 it can provide an independent
crosscheck for our data' s consistency, since
their relative values are obtained entirely in a
different manner. In fact their relative values
are proved to be more consistent with the j-file
sum rule and through other extensive comparisons
than Bennett and Kindlmann' s~ data. Thus one
may consider the transition probability sums giv-
en in parentheses to be an improved version of
Bennett and Kindlmann' s data. The best value
for A,», was found to be (0.3389 +0.0035)x10'
sec ', the uncertainty being only IE

The measurements were highly repeatable and
all the statistical errors became less than I at
1 standard deviation after 5 to 10 runs. The null
detection was very sensitive and the error was
less than a few percent for a single measurement

in the worst situation. The sensitivity of the null-
detection method can be estimated in the following
manner. Consider Eq. (5), which is exact if DN,
is small. Solving for N, /N, , and after simple al-
gebra, one obtains

&(N./N~) &(~./I. ) ~(Ao. /As.- s), ~i &I.

(8)
where

2/ 1)0 A2/B21 g2/Sl t

Ii(N2/N~) = N2/N~ —(N2/N, )0,

Equation (8) was checked experimentally by plot-
ting 6(I2/I, )/(I2/I, ), vs EI,/I, . To obtain this plot
the discharge current was varied about the point
where the null was found. For a given gas mix-
ture, W, is insensitive to a small change of the
discharge current so that the plot should exhibit
a straight line with a slope W, /pB» Using. the
611.8-nm laser, the slope was found to be 0.8 and
no tendency of deviation from a straight line was
noticed for DI, /I, as large as 10$. In this case
1% of a null-detection error will result in 0.8%
error in the relative A value, A~, /A, », , for a
single measurement. In the actual experimental
situation, however, the error component I, on the
chart trace was discernible to even less than —,'%
of the full scale in the most unfavorable case,
which amounts to 0.2% error in A~, /A, », . Ac-
cording to an order-of-magnitude estimation,
this slope corresponds to the lifetime of the 3s,
level being = 30 nsec, including collisional de-
excitation (this value is reasonable since the uv-
trapped radiative lifetime is 62 nsec according to
Klose"), if one assumes the laser flux density
inside the cavity to be = 10 W/cm' with an oscil-
lation bandwidth = 1 6Hz at the wavelength 611.8
nm. The laser field of the yellow and green lines
was weaker than the rest. In this case the slope
W, /pB„would become greater by an order of
magnitude, and a —,'% change in DI, /I, would result
in 2 to 3Q error in A~, /A, », for a single mea-
surement. It was noticed during the measure-
ment that the null was more ambiguous when
these laser lines were in use. Actual error, how-
ever, was still less than Ig for 10 runs.

Considering all the error factors including the
self-absorption effect and the detector spectral
response calibration, the total error included
in the relative values A»/A, », is 2%%uo, except
for some weaker lines such as the 665.2- and
808.2-nm lines, where it is 5Q. The error on
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the best value of Ae», was found to be only 1%.
However, in presenting its absolute figure an
additional 3% systematic error should be added
to it in order to include the error in Bennett and
Kindlmann' s lifetimes. Thus we present the ab-
solute transition probability of the 632.8-nm line
(3s, —2P4) in Ne i to be (0.339 +0.014)x10' sec '.

With an additional relative-intensity measure-
ment of the 3s, -2P, lines, we were able to ob-
tain the complete set of the absolute transition
probabilities including the rest of the nine allowed
transitions. The results are shown on Table II
along with the results of Hansch and Toschek, '
Bychkova et al., ' and Decomps and Dumont. "One

may easily notice rather extensive disagreement
between our data and those from Refs. 1 and 2

despite the similarity of the experimental method.
The reason for such disagreement, as discussed
earlier in this section, is primarily because of
the self-absorption of the 609.6-nm (2p4-1s4)
line. The third data of Decomp and Dumont"
were obtained by Hanle-effect measurement,
which is based on an entirely different principle,
and their result agrees with ours excellently. It
is unfortunate that the values for the other lines
are not available in this data set for comparison.
The relative A values for the rest of the lines
should be obtainable with good accuracy, since
the transitions arise from the same upper level.
When normalized to our value of the 632.8-nm
line, however, large disagreement is seen among
some of the data; especially those of Ref. 2 are
in poor agreement, while data of ours and Ref. 1
are in good agreement, except for the 543.4-nm

line. Such relative A-value measurements had
been performed previously in our laboratory by
Lilly and Holmes' and their results are in good
agreement with our present results throughout.
Their absolute values, however, were calculated
in terms of one of the values obtained by Hansch
and Toschek, ' which we have here found laden with
rather excessive errors. In view of improved
accuracy of our current measurements, the

corresponding A values of the 3s, - 2P& transitions
given in Ref. 3 should be superseded by the re-
sults of this experiment as given in column 3 of
Table II.

The current results also confirm the conclusion
drawn by Lilly and Holmes' that LS and jl cou-
pling models are not adequate for describing the
3s, - 2P& transitions of Ne I. On the other hand,
these nine transitions will complete one of the
four files of the neon 2p'5s - 2p'3p transition ar-
ray, so that we may use the j -file sum rule of
Shortley" to evaluate the radial transition inte-
gral o for this array. Such a sum rule is appli-
cable to an array of transitions defined by two

upper and lower energy-level configurations with
quantum numbers nl and n'l', and it is indepen-
dent of the actual coupling scheme of angular
momenta. It can be shown for the 5s -3P (l -I'
=1+1) transitions (3s-2P in Paschen notations)
that

Z S~~ =(2J, +1)(l+1)(2l+3)ct =3(2j~+1)o
(9)

where the line strength S„~ is related to the tran-

TABLE II. The absolute transition probabilities for the 3s2-2p& transitions of Ne r.

(10B sec-1)
Hansch and Toschek Bychkova et al.

Transitions X (nm) This expt. (Ref. 1) (Ref. 2)

Decomps
and Dumont

(Ref. 12)

730,483
640.107
635 ~ 185
632.816
629.374
611.801
604.613
593.931
forbidden
543.365

errors

3s2-2p~
2p2
2p3

.2p 4

2pg
2p,
2p,
2p 8

2p9
2p 10

Estimated

0.255
1.39
0.345
3.39
0.639
0.609
0.226
0.200

0.283

4%

0.37

0.52
5.1

0.93
0.39

0.52

14-21%b

0.70
6.56
1.35
1.28
0.68
0.56

0.59

17-24% b

3.24

19%

R This experiment was based on the Hanle-effect measurements, while the others used the
same method as described in the text.

These two data sets were based on one laser line at 632.8 nm, and the value of A809 &
=23.8

x 108 sec ~ (Ladenberg, Ref. 8) was used to convert relative values to absolute values. The
error included in this value, which is 30%, is not included in the error estimations given
here.
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sition probability by the relationship

S., = (u. +1)3a~'A., /648. (10)

And finally we are able to obtain from our data on
Table II that

+ S,~/(2J, +1)=0.913=3o',

or o = 0.304 (atomic units), which is in excellent
agreement with the value = 0.31 predicted from
the Coulomb approximation. " This is the first
time that the validity of the Coulomb approxima-
tion was tested for the 5s - 3P transition array of
Ne I.

VI. CONCLUSIONS

An experimental method of measuring transition
probabilities of spectral lines belonging to two
different upper levels has been described in de. -

tail. The method is based on the availability of
a laser transition between these two levels. The
interaction of the laser field with these excited
energy states enables verification and detection,
in the side light emission from a discharge tube,
of a condition of the plasma that is characterized
by its being transparent to the laser radiation.
The sensitivity of the "null" detection was found
to be extremely high, being proportional to the
laser-radiation flux density. The method was
then used to measure the transition probability of
the 632.8-nm (3s, - 2p4) line in Ne & in relation to
the. transition probabilities of 2P - 1s lines. Nine
independent measurements were obtained by mak-
ing use of all nine laser oscillations arising from
&i e 3s, level. The uncertainty of such relative
values is estimated to be 2%. They were conver-
ted into an absolute scale through Benet and
Kindlmann' s lifetime measurements as well as
Bridges and Wiese' s improved transition proba-
bility sums. The latter set was used mainly to
crosscheck our relative transition probability
sums. Nine A632 ~ 8 values were consistent and the
best value was found to be (3.39 +0.14)x10' sec '.
The uncertainty is 4Q including systematic e&-

rors. Using this value, the rest of the 3s, - 2P
transition probabilities were obtained by normal-

izing the relative measurements. The result was
compared with other experiments by Hansch and
Toschek and Bychkova et al., and agreement was
found to be poor. Such disagreement is partly
due to the less accurate value of Aepg 6 used to
normalize their relative values. It was also
pointed out that a significant self-absorption ef-
fect was evidenced in the other measurements.

Although the primary scope of this experiment
was to measure A~, , in relation to the known A
values of some of the 2p - ls transitions, we have
linked up, in effect, the A values of the entire set
of transitions (except for 640.2-nm line) arising
from different 2p levels by measuring all the rel-
ative values, A~, /A, », . This is significant
since the procedure does not involve measure-
ments of any thermodynamic parameters like
plasma temperature and particle density of ex-
cited states, nor involve absolute intensity mea-
surements. It is only necessary to create a
transparent plasma and perform relative intensity
measurements. An error in this type of a mea-
surement is minimal because of its intrinsic free-
dom from many of the nagging systematic errors
and certain assumptions. These relative values
in turn could be renormalized to an absolute scale
using the accurate A632 ~ 8 value resulting from
this experiment. The detailed account of this is
beyond the scope of this paper and will be pub-
lished elsewhere.

We believe that the application of the method
described here is not restricted to the particular
set of the energy levels we treated here, but it
can be readily extended to other energy levels in
neon, as well as those in other gases. An imme-
diate candidate may be the Ss, - SP and 2s - 2P
transitions of Ne I, where numerous laser oscil-
lations have been observed. Work is presently
under'way to investigate these transitions. We
suggest that a strong continuously tunable organ-
ic-dye laser may be useful where an appropriate
laser oscillation is difficult to obtain for the par-
ticular set of energy levels under investigation.
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