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Laser gas-discharge absorption measurements of the ratio of two transition rates in neutral argon
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The ratio of line strengths for the two argon transitiong®@P?,,) 4s[ 1/2]9— 3p°(>P3,,) 4p[ 3/2], at wave-
length 922.7 nm and (%P3, 4s[ 1/2]9— 3p>(®P3,)4p[5/2], at wavelength 978.7 nm, is measured in an
argon pulsed discharge with the use of a single-mode Ti:sapphire laser. The res@tl®28 in agreement
with our theoretical prediction 3.23 and with a less accurate ratio@.489% from the NIST database.
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[. INTRODUCTION of argon were based on high-pressure arc plasmas and de-
pended on the assumption of local thermodynamic equilib-

Electronic structure and transition rate data particularly inrium of the upper-state populations, which often was satis-
argon are of importance in applications such as radiationfied very approximatelysee discussion in Ref6]). Lifetime
induced decomposition, astrophysical abundances, biophyg§easurements using different techniques or even the same
ics, gas laser physics, as well as the development of theoreechnique often yield quite different results. In RET], a
ical methods of atomic structure. Argon and other noble-gasinified set of atomic probabilities for neutral argon is given.
atoms have been attractive media for applying and testinghe data are included in the NIST database where errors of
methods of plasma spectroscopy and especially for testingrder 10% are quoted. Although our theory is able to repro-
experimental techniques and theoretical calculations to detefluce NIST data, the difference between experiment and
mine transition rates. Absolute oscillator strengths have beetieory often exceeds error bars quoted in Ref. There are
obtained from photoabsorption spectra using the simpléwo possibilities:(i) the theory is less accurate and needs to
Beer-Lambert law(see Refs[1,2], and references thergin b€ improved and/ofii) experimental errors are larger and
and self-absorption determinations of oscillator strength$ritical, more precise measurements are needed.

[3,4] have been made in noble gases He—Kr. The spectra We describe a different experimental technique for precise
resulting from electron impact are also used to extract tranmeasurements of ratios of transition rates in gas discharges
sition rate datg5]. This paper contains further numerous and detail an apparatus realizing this technique in our mea-
references to previous measurements with other experimentsérement of the ratio of two argon transitions. After analysis
techniques such as pressure broadening profile and lifetim@f systematic errors, we present a comparison with our
methods. The measurements in the visible part of the argotfeory and other theories and experiments.

spectrum are conducted and overviewed in Ref. and the
most recent values of transition probabilities included in the
NIST database are given in Ré¢¥].

It is interesting to note that semiempirical calculations are
more successful for the prediction of transition rates between
excited states of noble-gas atoms tl@minitio calculations: The essential goal of our experimental technique is to
actually, in argon we findb initio calculations only for the measure the relative absorption rates for two different tran-
transitions from the ground staf8] (a review of previous sitions that start from the same level in a pulsed discharge.
theoretical calculations is providedSemiempirical calcula- The measurement of absorption to determine transition rates
tions in Refs[9,10] give reasonably accurate values of tran-is a simple, well-known method of classical spectroscopy.
sition probabilities, despite some mutual discrepancies. IThe application of the direct absorption method for precise
general, a need for improvement of theory remains. measurements of transition probabilities in gas discharges

We have recently developed a theory for particle-holewhere populations of states are difficult to find independently
states of closed-shell atoms, which is potentially able to preis unusual. Measurement of ratios in a continuum discharge
dict energies and transition rates with high precision. Ini-can be problematic, since upper levels are substantially
tially, this theory has been tested in nddnd,12. For transi-  populated. Our unique method relies on the use of pulsed
tions between neon excited states, the accuracy dlischarges to avoid upper-state populations. Absorption mea-
experiments is very good and experiments agree well witlsurements in pulsed discharges with the aim to investigate
our theory. However, for heavier noble-gas atoms, experithe dynamics of metastables or their relative population were
ments are often prone to systematic errors and the precisiaonducted long ag$13,14]. This method, which is also
is much lower. For example, many absolute transition ratesalled the afterglow absorption method, is very sensitive

even with the use of discharge lamps where the sensitivity
can be limited by background pulsed discharge emission.

IIl. AN EXPERIMENTAL TECHNIQUE FOR ACCURATE
MEASUREMENTS OF TRANSITION RATE RATIOS
IN PULSED DISCHARGES

*Electronic address: isavukov@princeton.edu; The use of lasers can enhance the sensitivity and the accu-
URL:http://www.princeton.edufisavukov racy of such absorption measurements. We have found no
"Electronic address: Berry.20@nd.edu use of pulsed discharges for precise determination of transi-
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tion rate ratios; hence, we would like to describe someHowever, in the case of noble gases, especially when we
unique aspects of our technique in detail. choose the starting level to be a nonmetastable state, a more
In this section, we show how line strength ratios can becomplicated analysis is required.
extracted, why a pulsed discharge has to be used, and why In order to satisfy the conditioN;>N; for the lowest
nonmetastable levels, besides metastables, can be usedeixcited states, we use a pulsed rather than a dc discharge. In
precise measurements. Further details of our technique agedc discharge this condition is weaker, because radiatively
given in the following two sections. Further information on decaying levels are constantly repopulated by collisions with
these topics is found in Reff12]. hot electrons and by decay of higher levels. It is especially
In general, the populations of the loweN;j and upper true for radiation-capturing levels. A further advantage of a
states N;) are needed for finding the cross sectigpn from  pulsed discharge is the possibility for enhancing the sensitiv-

the absorption coefficient;s , ity of absorption measurements by utilizing the time depen-
dence of absorption. For example, slow fluctuations in laser
@it =[N;—(g; /gs)N¢]ojs (1)  intensity can be excluded. In addition, the signal-to-noise

ratio can be improved using averagiff28-scan in our ex-
(hereg;/g; is the ratio of statistical weightsHowever, in perimenj on a digital oscilloscope. Without special efforts,
some cases the upper-state population can be neglected. TRi§ absorption of order 0.1% can easily be detected. Such
happens when the initial state is the ground or long-livechigh sensitivity is useful for fast and precise tuning of the
metastable state, and the final, upper states are short livggser to centers of Doppler profiles. The long-term stability
and relatively unpopulated. In gas discharges, at low currendf the pulsed discharge is also better: the pulsed discharge
densities, metastable levels are generally much more popias substantially smaller sputtering and thermal effects, since
lated than any other nonmetastable excited levels. Experthe total charge from the discharge current is much smaller
mentally, we also observed the absorption from some stat&sr a pulsed discharge.
that have allowed decay modes. The?@P3,,)4s[3/2]7 and The principal disadvantage of the pulsed discharge is the
3p°(?P3,,)4s[1/2]; states, surprisingly, were populated al- more complicated analysis of systematic errors, basically
most as much as metastables at discharge pressures of a fewing to the finite-time response of the detection system.
Torr. The long observed lifetimes of these states of the ordefhe various factors that can influence the measurement of
of 10 us are explained by radiation capture: many possibili-the ratio in pulsed discharges need careful analysis: we will
ties of emission and absorption of a photon occur before theonsider systematic errors that arise from large absorption
photon can leave the discharge cell. The observation of thesed inhomogeneity. When two transitions differ by a factor
long-lived species in discharges gives the possibility to usef at least 3, a larger absorption is recommended for a better
them as lower states for absorption measurements. The othsignal-to-noise ratio. In such a case the linear relation be-
excited levelgnot belonging to the € group quickly decay tween absorption and line strength may no longer hold, and
radiatively without radiation capture and are effectively de-instead Beer’s law must be used to derive the more general
populated in a pulsed discharge as soon as the dischargguation:
current disappears. Therefore, in upward transitions that start

from the 4s levels, the conditioN;> Ny is satisfied, and the In(1,/1,0 S
absorption becomes proportional just to the cross section and 1 (4)
the initial density. Thus, by measuring the absorption for two In(l2/120 S,

transitions starting from the same level, in our experiment
5.2 ; ; ; . . . .
3p°(°P3,)4s[1/2]7, we can find the ratio of cross sections Here |,/1,, and I,/1,, are the reductions in the intensity

from the ratio of absorptions, after passing the absorber for the first and the second transi-
tions, respectively. This nonlinear equation can lead to sev-
gif,  if, eral systematic errors, which will be considered later.
?fz :?fz. 2 If we examine NIST transition dafd 6] for neutral argon,

we find many transitions in the range of tunable lasers such
as a Ti:sapphire laser, which can be used for the absorption
experiments. However, in practice there are some restric-
tions: first, the pair of transitions has to start from the same
metastable level or radiation-capturing level such as men-
o s tioned above. Second, the range is greatly restricted by the
ity 2ty S o ) - .
1= 3 tunability of the laser: for example, our Ti:sapphire laser has
oit, Sit, several mirror sets for several ranges of wavelengths. Be-
cause the change of mirrors takes many hours to complete,
Therefore, by measuring the ratio of absorptions for twoonly one mirror set can be used for measurements of ratios at
transitions, we can find the ratio of line streng®g'S,. one time. As a result, for our currently installed mirror set,
If the condition N;=0 is accurately satisfied, the mea- only two pairs of transitions were appropriate. However, our
surement of absorption ratios can be very accurate. For exaser could not be tuned for one transition, and we were able
ample, the absorption ratio of Cs transition was measuretb make measurements for only one pair of transitions: one
with the accuracy better than 0.1% by Rafac and Tafitir  transition at a wavelength 9227 A and the other at 9787 A.

For a Doppler broadened profile and for monochromatic la
ser light tuned to the maximum of the profile, the ratio of
cross sections is equal to the ratio of line strengths,
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Glass olate Chopper Discharge Cell Photodiode large area to reduce unwanted sputtering from the cathode,
y - [ which can reduce the lifetime of metastables significantly
Aperture ] and affect the population distribution in the discharge as we
Sync IL/ @ _lil_ Attenuator observed in detail in heliunp12]. Moreover, for the same
ﬁ Oscilloscope = - purpose, an external ballast volume was added to the cell.
A Amplifier A high-voltage pulse generator produces high-voltage
7 (more than 10 kV to allow fast discharge breakdgwnlses
922700 HV Pulse each of a few microsecond width. The circuit is based on a
Wavemeter Generator power transistor in the switching mode and a high-voltage
transformer.
i |R5232 _ The detgc_tion system consists of a_photodiode_, an ampli-
b [mm_ =] | A fier, and digital oscilloscopes. There is no specu’;}I require-
O;iliﬁoscope Computer Digital ment on those elements except that the detection system
Ti:Sapphire laser Oscillogéope should provide a linear response and the distortion of the

wave form of the signal should be minimal. The first require-
FIG. 1. An experimental setup for conducting measurements of?€nt is completely fulfilled if the laser intensity does not

absorption of laser radiation in pulsed discharges. exceed the saturation limit for a particular diode. The second
requirement is approximately satisfied: small distortion of
1. EXPERIMENTAL ARRANGEMENT the signal has been observed. This effect is analyzed in detail

The optical and electrical diagrams of the experimentafn the following section.

arrangement are shown in Fig. 1. The monochromatic 1-W
laser beam generated by the Ti:Sapphire laser is expanded by IV. MEASUREMENT AND ERROR ANALYSIS
traveling 8 m between two optical tables to the size of about . ) ) ] )
5 cm diameter. A variable aperture reduces both the beam’s T0 find the ratio of line strengthS, /S, (S, is the line
size and its power. To avoid saturation of the transition, thétrength  for the first transition [B(°P%,)4s[1/2]
beam intensity is further reduced using a 2% reflection off a—3p>(°P$,)4p[3/2], at 922.7 nm, andS, is the line
glass plate. A chopper periodically interrupts the beam testrength for the second transition p%? 22)4s[1/2]9
give a 100% reference absorptigBecause the background — 3p°(°P3,)4p[5/2], at 978.7 nm), we measure the peak
emission from a discharge is negligible in our experiment, absorption for two transitions and use the formula
closed chopper is equivalent to 100% absorption and an open
chopper to 0% absorption.The beam_ is then direct_ed IN(1-V,/Vy) S,
through the discharge cell where it undergoes time- —_— = .
dependent absorption in the discharge initiated by HV pulses IN1=V2/Va) S
from the high-voltagéHV) pulse generator. The optical path
of the laser beam is terminated on the photodiode. The atdereV; andV, are the voltages proportional to the maxi-
tenuator in front of the screened photodiode compartment igium of a pulsed discharge absorption and to the chopper
used to avoid any saturation effects in the detection systenflormalization absorption for the transition &t=922.7 nm
The signal from the photodetector is amplified and sent teshown in Fig. 2. Similar voltages for the second transition at
the two digital oscilloscopes for measurement of the absorpr =978.7 nm also shown in Fig. 2 akg andVy,.
tion. The chopper synchronizes the HV pulse generator and Repeating measurements of absorption several times, we
the digital oscilloscopes. The chopper frequency can be vahave obtained the ratio 3.29.04. A small error here indi-
ied in some range and is chosen fast enough for the conveates the excellent statistics. However, the result can still
nience of data acquisition but slow enough for the HV pulsethave systematic errors which need to be estimated and if
to be able to break down discharge since the power is limpossible be excluded.
ited. In addition, the sputtering becomes an issue at fast rates Systematic error can occur from a slow drift in discharge
(see also Ref.12]). The laser is manually tuned to two tran- conditions. Though our pulsed discharge is very stable, to
sitions in sequence. The tuning is performed in two stepsaccount for any slow drift, we alternate measurements of the
First, using the wavemeter, we find approximately an argorabsorptions for the two transitions.
transition, and then fine tuning is achieved with a laser scan A second possible systematic error can arise from the un-
by observing the absorption signal on an oscilloscope. certainty in wavelength when the laser is manually tuned to
The laser is a commercial single-frequency MBR-110the resonances of the transitions by monitoring absorption
Ti:sapphire laser, pumped with 7—15 W continuous-wavepeaks similar to those shown in Fig. 2. Although the uncer-
(cw) coherent argon ion laser. tainty of wavelength is random, it gives a systematic de-
A brief description of other essential elements of our ex-crease in the values of peaks because only at resonance is the
perimental setup is provided below; more information about@bsorption signal maximum. If e,=(Vi(\)
components of this experiment can be found in BR&2].  —Vi(Aeg)l/Vig)ay andes=([Vo(N) = V(N e 1/Vog)a, are
The discharge cell is a quartz tube of diameter 2.5 cm and eelative average shifts in the absorption signals owing to tun-
length of 30 cm. Two standard electrodes were fused syming uncertainty, then the absolute systematic shift in the ratio
metrically in side tubes near each end. The electrodes have(eq,¢,) is

®
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100 =

o\

taken from our experiment or from other sources because
uncertainty in the ratio leads to smaller uncertainty in the
estimate of the systematic shift. Comparing measurements of
ratios at different discharge currents and, hence absorption,
we find that the time response error is about 4% at the level
of absorption used in final measurements. This error gives a
systematic increase in the ratio by 4%, but the previous error
due to tuning decreases the ratio slightly by 1.5% so that the
overall systematic error is smaller.

Another systematic effect arises from inhomogeneities in

8
P

ViV, (%)
o

5
-

108 ' > the discharge. So far we assumed that the absorption medium
\ is homogeneous, but in gas discharges this is far from being
80t \ true. The discharge produces densities of excited atoms with
- \\ some transverse and longitudinal distributions. The longitu-
S 6o \\ dinal distribution does not cause any problem, since for two
i‘ \ transitions the ratio at each small length of path stays the
> 40F \ 20 / [\ same, and eventually the ratio of logarithms of intensities in
\ / // Eqg. (4) will remain the same. The transverse distribution,
20r | if /N however, can cause a deviation from the simple Beer’s law
\ J\ ¥ o 01 and requires the analysis of this distribution.
0_2 i 0 1 > For a cylindrical discharge cell, which we use in our ex-

periment, ifr is the distance from the axis, an integration
overr is needed,

FIG. 2. Absorption signals in a pulsed discharge with chopper
modulation for normalization. Absorption of two transitions is mea-
sured. The larger peak shown on the upper panel corresponds to
absorption at 922.7 nm and the smaller one on the lower panel
corresponds to absorption at 978.7 nm. The width of both peaks iherel;,(r) is the input laser beam intensity(r) is the
about 0.03 ms. The shape of chopper modulation is represented tybsorption coefficient, ant,, is integrated over a detector
periodic pulses with width about 2 ms. The absorption peaks angirea output intensity after an inhomogeneous discharge me-
the chopper modulation are synchronized. The insets show that aftefjum. For simplicity in this equation the change in absorp-

Time (ms)

Iout=f lin(r)exd — a(r)]2mrdr, (9)

rescaling, the absorption peaks have the same shapes. tion along the laser beam is ignored. It is difficult to find the
spatial distribution accurately, although in some simple cases

IN{[1-(1-&1)V1/Vi]} S it can be predicted. In the case of a diffusion controlled cy-

o(e1,62)= IN{[1—(1—e,)Vo/Vogl} 5%(82_81)’ lindrical discharge, the distribution for the electron density

(6) n. and for excited-state densities has approximately the form

. ) o _ ~of a Bessel function,
where this equation was simplified for small absorption. This

tuning error is estimated to be about 1.5%. a(r)~ng=~Jy(2.4/IR)cog wz/L). (10

A significant systematic error arises from a slow response
of the detection system. The slow response results in a rethe expression for the electron dengityis taken from Ref.
duction of actual height of the peak by an unknown coeffi-[17], p. 67. Using the series expansion of the Bessel function

cient : for small argument,Jo(2.4/R)~1—%(2.4/R)?> we can
show that in our experiment wittR=1.25cm andr

In(711/130 S =0.2 cm, the maximum change in the absorption over the

In(7l /1,0 S, () beam radius is 3.7% and the change in the integral for

small a(r) is only 1.8%. Therefore the effect of the distri-
If the equations were linear, this coefficient would drop outbution is small. Moreover, if the absorption is not very large,
from the ratio, but for large and significantly different ab- the exponential can be expanded, and the linear dependence
sorptions for the two transitions, it will cause a systematicof the signal on the absorption coefficient can reduce further
error in the ratio. Suppose is the reduction in the peak the effect of the distribution.
height because of a slow time response. Then we can write Taking into account the above statistical and systematic
for the Sratio errors, we obtain the accuracy of the measurement of the
ratio about 4%. The final value of our ratio is 3:20.13.

|n[1—(1—8)V1/V10] S]_+ (8)
= - ag.
IN[1-(1—&)Vy/Vyl S, V. COMPARISON WITH CALCULATIONS AND OTHER

. . . . MEASUREMENTS
This type of the systematic error can be estimated owing to

dependence on different levels of absorption. The approxi- The comparison of the ratio of line strengths is given in
mate value of the ratio needed for such an estimate can BEable I. Our measured ratio of line strengths 3:Z913 is in
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TABLE I. The ratio of the two line strengths at 922.7 nm and similar principle as calculations in R¢B] disagree substan-

978.7 nm. tially with our result. One obvious problem with semiempir-
: ical approaches is that energies cannot define completely the
Source Ratio wave functions which are very sensitive to the accuracy of
Experi calculations. In addition, transition amplitudes have addi-
xperlment . . . .
: tional corrections which are not accounted by the effective
This work 3.29-0.13 . . . .
) Hamiltonian. For example, random-phase approximation
Wieseet al.[7] 2.9+0.4 - Ll
Theor corrections are due to shielding by the atom of an external
s ky 17 303 photon field. Those corrections are substantial in Ar and
_T:V“ ov{12] : heavier noble-gas atoms and must be included to reach a
Lilly [9] 8.51 good precision.
Garstang and BlerkorfilO] 4.62

VI. CONCLUSIONS

excellent agreement with the value 3.23 obtained from our We have measured an accurate ratio of line strengths for
mixed configuration-interaction and perturbation-theory caltwo argon transitions. For this measurement we developed a
culations[12]. Both measured and theoretical ratios agreedifferent experimental technique based on a pulsed discharge
also with the ratio 2.88 15% calculated from the experi- and a laser absorption measurement. This technique can be
mental transition rates of Ref7]. Our results are close to applied for measurements of other ratios in noble-gas atoms.
semiempirical calculations bf9]. However, the ratio 4.62 The agreement of our measurement and calculations is ex-
from semiempirical calculations of Refl0] based on a cellent.
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