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probabilities of weak atomic lines
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A new laser selective-excitation technique for the determination of absolute transition
probabilities of weak allowed, intersystem, and forbidden atomic lines has been developed.
It exploits the fact that the oscillator strength is proportional to the number of stimulated
absorptions and emissions produced by a narrow-band laser pulse of known energy which
is in resonance with an atomic transition. The method has been tested by studying the
3s 'So-3s 3p P ~ intersystem transition in Mg I. Magnesium vapor was produced in a
resistively heated oven and excited with a Nd: YAG laser-pumped dye laser. The lower-
level population was monitored with the hook method while the equivalent width of the
P'-3s4d D multiplet was used to determine the 'P

&
level population, which is equal to

the number of stimulation absorptions. A laser-produced plasma was used as a back-
ground continuum source. The laser energy was determined with a disk calorimeter. %'e

show that multiphoton, collisional, and power-dependent processes and mode structure in
the laser do not affect the measurement. Our result, A =(2.19+0.30)X10+ sec ', or
f=(2.06+0.29) X 10, is in good agreement with theoretical and other experimental
data. The technique could be applied to lines several orders of magnitude weaker than
the Mg I intersystem line.

I. INTRODUCTION

Absolute radiative transition probabilities (A

values) —or oscillator strengths (f values') —for in-
tersystem and forbidden lines in atoms are needed
to provide information on physical conditions in
low-density plasmas. Measured A values can also
be used to assess calculated values, and thus,
theoretical methods.

A number of techniques have been used for
measurements on weak lines. A comprehensive list
is not appropriate here; representative examples are
presented in Refs. 2 —8. These techniques have
advantages and disadvantages, making them suit-
able for a variety of measurements of weak-line
transition probabilities. In this paper we present a
method that combines laser-selective excitation
with standard spectroscopic techniques, which can
be used for such measurements on a wide range of
atomic species in the vapor phase.

The remainder of the paper is divided into five
sections. Section II presents the method and lists
the assumptions made in its development. In order
to test the method, we have measured the transi-
tion probability for the 3s 'So-3s 3p I'i intersys-
tem transition in Mg I. Section III describes this
measurement, giving details of the apparatus and
considering possible instrumental effects. Section

IV presents the data analysis and the results. Sec-
tion V discusses the assumptions, listed in Sec. II,
in the context of the experimental parameters.
Section VI consists of a summary.

II. BASIC CONCEPT, ASSUMPTIONS,
AND APPROXIMATIONS

If a narrow-band, pulsed laser is tuned into reso-
nance with an atomic line, the number of stimulat-
ed emissions and absorptions is proportional to the
laser-pulse energy and the oscillator strength of the
line. For high, laser-pulse energies and allowed
transitions, the two levels connected by the line
saturate; i.e., the upper- and lower-level popula-
tions are in the ratio of their statistical weights.
However, for weaker lines, or lower laser energies,
the transition will not saturate and, if the laser en-

ergy and the number of atoms induced to absorb or
emit can he measured, the f value of the transition
can be determined. This paper presents the first
discussion and exploitation of this technique to the
measurement of weak-line oscillator strengths.

To present the method, we consider a four-level
atomic system and define levels

~
l) and

~
2) as

the lower and upper levels, respectively, of the
weak transition for which the oscillator strength

Qc1982 The American Physical Society



2630 H. S. K%ONG, PETER L SMITH, AND %. H. PARKINSON

f12 is to be measured. Simple examples of such
systems are formed by the lower levels of the alka-
line earth elements and ions isoelectronic to them
(cf. Sec. III A and Fig. 1), but other species with
low-lying metastable levels could also be studied.

A pulsed laser induces transitions
~

I )~
~

2).
We consider two of many standard spectroscopic
techniques that could be used for measuring the
changes in the levd populations. Transitions

I
l&~13& and I2&~ ~4& are used The oscilla-

tor strengths of these transitions, i.e., f12 and f2~,
must be known and Nf, the product of column
density and oscillator strength, must be appropri-
ately large. The accuracy of f12 is limited by un-

certainties in f» and f24.
McIlrath9 independently suggested a similar

technique. Thorne' independently proposed a
variation which does not require that additional os-
cillator strengths be known.

We assume that a rate equation can be used to
describe the level populations; that second- and
higher-order, laser-power-dependent effects can be
neglected; that the thermally excited populations of
the excited levels are small; that collisional quench-

ing processes may be neglected during the length
of the laser pulse, and that A2& &~321 if

~
3) is

lower in energy than
~

2). Then, if the atomic va-

por is optically thin when exposed to a homogene-

ous radiation field from a laser at central frequen-

cy vl2 with bandwidth Avl2, the rate of change of
the number density of atoms in the upper state

~

2 & is given by

dn2
(n1~12 n2~2I )

dt 4g line

XI.(v)I(V, t)dV —n2A2l .

12 and ~xi are the Milne coefficients", L (v} is

the normalized line-shape function; I (v, t) is the
spectral radiance of the laser radiation field (in

units of energy cm sec 'Hz 'sr '); and A2l is
the Einstein coefficient for spontaneous emission.

Bl2 and 82l are related by gl8l2 ——g282l, whereI I I I

the g; are the statistical weights. Equation (1) is
insensitive to the polarization of the laser.

We assume that I(v, t) is chosen so that n2

~& n l at all times; i.e., that the system is far from
saturation. n l(t) is essentially constant with value

n l. Therefore the last two terms, representing
stimulated and spontaneous radiative decay

~
2)~

~

I ), respectively, can be neglected and

&& f f, I-(v)I(v, t)dvdt .

50-

IONIZATION LIMIT ~
I

'
t

' l ~ t '
T

~ T
If the laser bandwidth is wider than the absorption
profile of the line and constant over it, i.e.,
I(v, t) =I0(t) fOr v=vl2, then

40—
E

n2(T) = 812ni f Ic(t)dtI 0
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FIG. 1. Partial energy-level diagram for MgI. Odd-
parity levels are those above the o's near lower bound-

ary; other levels have even parity. Levels above 58000
cm ' are not shown. The levels discussed in the text
are numbered

~
n ).

~
4) includes all levels of the term.

The transitions discussed in the text are marked; allowed
transitions by solid lines and the intersystem transition
for which the f value was measured by a broken line.
The 2Pi level was pumped with the laser and both the
I'~ ~ D and P2~ D hnes were used to monitor X2.

If T is greater than the length of the laser pulse,
then, from Eq. (4), we see that a measurement of
n2{T), n l, and the laser-pulse energy over the line
profile allo~ the oscillator strength to be deter-
mined.

A large number of approxin1ations and assump-
tions have been made in deriving Eq. {4). They are
listed in Table I. Because some of the approxima-
tions and assumptions must be discussed in rela-
tion to the experimental parameters used and possi-
ble instrumental effects, the apparatus, procedure,
data analysis, and results are discussed first. The
approximations and assumptions are then justified
in Sec. V.
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TABLE I. Assumptions made in deriving Eq. (4) ~

Section

(1) Rate-equation approach is valid

(2) Second- and higher-order, laser-power-dependent effects can be neglected
(3) Thermally excited populations of excited levels are negligible
(4) Collisional populating and depopulating effects are negligible during

the laser pulse
(5) Spontaneous radiative processes involving

~
2), other than

~

2)~
~
1),

may be neglected
(6) Atomic vapor is optically thin to laser
(7) Radiation field is homogeneous
(8) n2&&n&, i.e., system is far from saturation
(9) Laser bandwidth much greater than absorption profile, i.e., hvL &&v»
(10) Laser has no frequency modes over hv», i.e., I{v,t)=Ip(t)

VA
VB
VI

VD,E

VJ
VF
VH
VH
VC
VG

III. Mg I INTERSYSTEM LINE
j' VALUE; MEASUREMENT

A. Introduction

In order to test this new method for determining
oscillator strengths of weak lines, we have mea-
sured the f value for the 3s2 'So-3s 3p 3P; intersys-
tem line of neutral magnesium (cf. Fig. 1). This
line was chosen because its f value has been deter-
mined previously ' ' and is of a magnitude ap-
propriate for our present apparatus; i.e., adequate
laser power at the desired wavelength and suffi-
cient magnesium vapor column densities could be
produced.

B. Measurements of ni and n2

Determination of the oscillator strength f~2 by
this method requires measurement of n i and n2(T)
[cf. Eq. (4)], which we will abbreviate by n& and

n2. Any techniques for measuring number densi-
ties could have been employed. We used a Mach-
Zehnder interferometer and the hook method' '
to measure n &, while n2 was determined by mea-
suring an absorption-equivalent width.

C. Apparatus

A schematic diagram of the apparatus is given
in Fig. 2. It consists of the components described
below.

1. High-power tunable laser

A tunable dye laser system, ' side pumped by
the third harmonic of a Nd: YAG oscillator' was
tuned to the 457-nm, 3s 'Sp-3s 3p P) lineof mag-
nesium and used to selectively populate the P'
term through the P& level. The dye laser was
tuned by a grating and beam expander system.
The single shot width was 0.0085 nm (12.4 GHz).
The time-average width was 0.010 nm (14.4 GHz).
These are full width at half maximum (FWHM)
values and were measured with a solid etalon,
Fabry-Perot interferometer with a 0.014-nm (20-
GHz) free spectral range and a measured finesse of
18 at 457 nm. The laser linewidth was about a
factor of 5 wider than the Doppler-dominated
width of the Mg I line at 800 K; hA, D

——0.0018 nm

(hvD ——2.7 GHz).
A beam expander and spatial filter were used to

produce a homogeneous, collimated beam. The di-
mension of the laser beam inside the oven (cf. Sec.
II B2) was defined by beam stops of diameter 6.45
mm. The maximum pulse energy passing through
the magnesium vapor was about 0.2 mJ, the dura-
tion was 7 nsec, and, therefore, the intensity was
about 0.1 MW cm . The laser-pulse energy was
determined with a disk calorimeter' before and
after each measurement of the f value. Two simi-
lar instruments were used. The manufacturer
claims accuracy within +3%. Corrections to the
measured laser energy were required because of
losses, at the additional optical surfaces used to
direct the photons into the furnace and at the fur-
nace apertures (cf. Fig. 2), and because part of the
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FIG. 2. Schematic diagram of the appartus. Mirrors and beam splitters are not explicitly shown. During the hook-

method measurements, the 457-nm radiation was blocked. The beam splitter at A had a reflectivity of 99% at 457 nm

and a transmission of about 75% at 309 nm, the wavelength used for the measurement of N2. For the laser power

measurements, this beam splitter was removed and the meter was used in position I. The laser power meter was used

at position II when determining the efficiency of the optics used to direct the beam into the furnace. The laser power

meter was used in both positions shown, depending upon whether it was being used for calibration or monitoring pur-

poses.

measured output of the laser was continuum radia-
tion. Both corrections were factors of about 0.8;
the uncertainty in them was about +2%.

ln the derivation of Eq. (4), we assumed that the
laser intensity is constant over the absorption line.
In practice, however, the laser pulses have modes
which vary in frequency and intensity from shot to
shot. The method is still valid if a large number
of measurements are made and average values of
n2 and laser energy are used (cf. Sec. V H).

tion at pressures ranging from 10 to 10 ' Torr.
Argon, at a pressure of 5 to 200 Torr, was used as
a buffer gas. The beam stop near each end of the
heat zone of the oven served to define the overlap
of the optical path for the laser and the back-
ground continuum probe beams and to restrict the
diffusion of magnesium vapor into the cooler end

region. n i did not change by a detectable amount
during the course of a measurement, i.e., during 15
min.

2. Magnesium oven 3. Laser-plasma background continuum

A resistively heated furnace was used to provide
a source of neutral magnesium vapor. The furnace
tube was of 2.5 cm inside diameter. The typical
operating temperature was about 800 K; the hot-
zone length was 8 cm. The temperature was con-
trolled to within +4 K. The ends of the tube were
water cooled and had quartz windows. The fur-
nace was loaded with 0.5 to 1 g of magnesium; this
amount was adequate for more than 20 h of opera-

A laser-produced plasma' ' was used as source
of background continuum for both the hook and

the absorption measurements. This continuum

source has a number of desirable features:
(i) It is a point source which can be collimated

into a narrow, parallel beam to assure complete
overlap of the column of laser-excited atoms and

the background continuum probe beam.
(ii) There is no timing jitter; delay can be
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achieved by path difference.
(iii) It produces no electrical noise.
(lv) Thc lntcgfated lntcnslty of emission ovcf 8

narrow band (e.g., b.lt, =0.03 nm) is highly repro-
ducible. The distribution of intensities had a
F%HM of less than 5%.

(v) The wavelength range of the emission, which
consists of both lines and continuum, can be varied

from the vuv to the visible by changing the target
material.

The plasIDa was produced by focusing the
unused, fi.rst- and second-harmonic, laser radiation
from the Nd:YAG laser onto 8 slowly rotating
bfass t8fgct. Thc Fisc time of thc cIDlssion was
about 50 nsec; the fall time about 250 nsec. The
optical delay line produced a 30-nsec delay between
the laser pulse which excited the atoms from

~

1)
to

~
2) and the start of the continuum pulse which

probed the population of the latter level. The de-

lay ensured that mixing collisions produced ther-
IDal populations ln thc lcvcls of thc I term (cf.
Sec. V 0). The plasma emission was collected by
an f/2 quartz lens and colhmatcd by 8 telescope.
The probe beam was coaxial Rnd opposite in direc-
tion to the laser be.un (cf. Fig. 2).

&. Apparatus for measuring n2

A 1-m, Czerny-Tuner spectrometer equipped
with a photomultiplier wired for pulse operation
was used to IDcasufc thc absorption-equivalent
width. The spectrometer entrance and exit slits
were 22.0 and 40.0 pm, respectively, with an un-
certainty of +1%. Thc spectrometer was tuned to
one of the lines of the 3p I"-4d D multiplet.
Lines to thc dlffcrcnt D lcvcls wcfc Qot resolved
b«both thc '~&~'D and '~; ~'D»nes, at
309.778 and 309.388 Qm, were used in order to en-
sure that mixing among the levels of the lower
term was coIDplete. The oscillator strength of both
lines is 0.13. This value was obtained from thc
11fctimc datR of Kwiatkowski et Ql. 8nd by using
multiplet f-value data of Victor et al. ' to obtain
the branching ratios. Kwiatkowski et al. state an
experimental uncertainty of about +6%.

The output of thc photomultiplier was integrated
and amplified; the signal was stored and displayed
in a pulse-height analyzer. Linearity of this data
acquisition system was checked by using neutral
density filters to attenuate the plasma emission in-
tensity. Deviations from linearity were less than
1%.

An aperture wheel was used to trigger the

Nd:YAG laser and to block every second pulse
&om the dye laser. Thus, successive signals,
denoted J and Jo, respectively, indicated the
transmission of the optical system with and
without atoms in level

~
2). The two groups of

signals, each containing about 900 measurements,
mere stored in different halves of the memory of
the pulse-height analyzer.

5. Hook-method apparatus

The 2-m Littrow spectrograph and Mach-
Zehnder interferometer described by Huber and
Parkinson2 were employed for the hook-meth-
od ' IDcasufcments of Pl 1 . Thc RQGIDalous

dispersion near the 3s 'So-3s 3p 'I'0 line at 285.213
nm was studied. This has an f value of 1.84, with

an uncertainty which wc estimate to be of +5%.
The spectrograph slit width was 20 pm; 3000 shots
were adequate to expose the film.

The measurements of n j required removal of the
mirrors that were used to direct the background
continuum into the spectfometer for the measure-
ments of n2 (cf. Fig. 2). Consequently, ni and n2
could not be measured simultaneously. However,

nl varied very slowly (cf. Sec. IIIC2) and mea-
surements at 10 to 15 min intervals werc adequate
for accurate determination of n ~.

IV. DATA ANALYSIS AND RESULTS

A. Determination of f II

X» the column density of atoms in level
~

1 ), is
related to 513, the hook separations on the spec-
trally dispersed inteferograms by

mK(d 13)
(5

r0(~13) f13

where E is the hook-method parameter, which can
be measured on the interferograms (cf. Ref. 13),
ro ——e2/me =2.82&10 ' cm, A, 13 is the
wavelength of the transition

~

I )~
~
3), i.e.,

285.213 11111,alld f13 Is lts oscillator stl'ellgtll (cf.
Scc. IIIC5).

K and the hook separations were read with a
compafator. &, ranged «om about 7X 10"cm-'
to about 5X 10'~ cm 2. The uncertainty in its
determination is about +8%.

Collisional mixing among the levels of the P'
term dlstfibutcs thc excited atoms. Xp was deter-
mined for j=1 or 2 by measurement of the
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absorption-equivalent width combined with the
curve-of-growth technique. A Boltzmann distribu-
tion of level populations was observed. The distri-
butions of signals in the two halves of the pulse-
height analyzer (cf. Sec. III C4) had profiles that
were roughly Gaussian. The fractional uncertainty
in the mean values of the signals, J, was about
+0.001. The fractional decrease in intensity (Jp
—J)/Jp was typically 0.025. The uncertainty in
the absorption measurements is, therefore, about
+6% (one standard deviation).

The equivalent width is related to the two mea-
sured intensities by

f)2 =2.06 X 10,with a random uncertainty of
+10%, or A =(2.19+0.22)&(10 sec '. No dis-
cernible dependence upon laser energy, buffer-gas
pressure, or N~ was seen (cf. Fig. 3), except for a
possible dependence on N~ at high densities. In
one case, at N~ ——1.5 )(10' cm, a value

f~2
——1.5 X 10 was obtained. We attribute this

low value to the fact that the vapor was no longer
transparent to the laser beam at these column den-
sities. This low result was not included in the
determination of the mean.

B. Uncertainties

Jp —J
W =SDC

Jp
(6)

S, the exit slit width, was 40 pm with an uncer-
tainty of +1 pm. D, the spectrometer plate factor,
was 0.77 nm/mrn. C is a correction factor which
accounts for the fact that, when making an
equivalent width measurement with a fixed wave-

length spectrometer rather than with a scanning in-

strument, parts of the profile may extend the open-

ing of the exit slit. In our case, where the instru-
ment profile width is much larger than the absorp-
tion line width, C can be determined by observing
an emission line with various slit sizes. %e had
C =1.88 with an uncertainty of +2%.

Direct numerical integration over the Voigt
function was used to determine the column density
N2. The damping constant ranged from about 0.1

to 3, depending upon the buffer-gas pressure. At
the column densities used, the deviation from the
weak-line (linear) portion of the curve of growth
was less than 5%.

The laser energy E, measured by the power me-

ter and corrected in the manner described in Sec.
III B 1, is related to the laser spectral radiance
where a is the cross-sectional area of the beam.
Only the radiance at line center Ip(t) is needed
[cf. Eq. (4)]. Because the Fabry-Perot interfero-
grams showed that I(v, t) was roughly Gaussian in
shape with a F%HM, hvi~2, of 0.010 nm, we ap-
proximated I(v, t) by this shape and obtained

I W & il2.5— I I I I I I

2.0: mean value

l.5—

I I I

IO

I I ) Ill
IOO

ARGON PRESSURE (Toff)
I I I I I I II

2.0—
O

cv l.5—

I I I I ll
IOI5

mean value

I I I I

lole

2.5

2.0

l.5—

(cm )
I

l

I I I I I I I I I
l

I I I I

~ y~I
~ !mean value

I I I 1 I I I I I I I I I l I I I I

O. IO 0.20
LASER ENERGY ( m J)

The uncertainties associated with the various
parameters involved in the data analysis and those
stemming from the assumptions and approxima-
tions are listed in Table II. Combining the uncer-
tainties in quadrature gives +15%. If the uncer-
tainties in f~q and f&4 are not included, the actual
accuracy of the method is shown to be within
+13%.

T E
J Io(r)dr =

ann In2hv~~2
(7)

The uncertainty introduced by this approximation
is estimated to be 5%.

Thirteen measurements off~2 were made; giving

FIG. 3. Dependence off~2 on buffer-gas pressure,
magnesium-atom density, and laser energy. Squares and
circles mark data for which the P~ ~ D and P2 —+ D
lines, respectively, were used to determine N2. The
mean value is shown by the horizontal line. The es-
timated experimental uncertainty for an individual mea-
surement is shown.
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TABLE II. Uncertainties.

Comment Parameter
Uncertainty

(%)

Determination of %~ (~)p)'
f13
E

2)(3
5

1

Determination of Wp4 S
D
C
Jp)
Jj

2.5
2
2

Determination of N& from W

Determination of Io(t)dt

fz4

4.5
3

Assumptions and approximations in Table I
Approximation of Io(v, t) by Gaussian-
Voigt profile fitting

Total

0
5

1

+15%

TABLE III. Comparison with other data.

Authors A (10 sec ') f (10 ') Note

Boldt (1958)'
Garstang (1962)
Warner (1968)'
Mitchell (1975)
Furcinitti et al. (1975)'
Guisfredi et al. (1975)
Laughlin, Victor (1979)~

5.2+1
2.4 +0.2
1.8 +0.3
2.66+0.9
2.2 +0.3
4.2 +0.4
2.17+0.2

4.9+1
2.26+0.2
1.69+0.3
2.5 +0.8
2.1 +0.3
3.9 +0.4
2.04+0.2

Experiment
Theory
Theory
Experiment
Experiment
Experiment
Theory

This work 2.19+0.30 2.06+0.29 Experiment

'Reference 24.
Reference 53.

'Reference 54.
Mitchell (Ref. 3) normalized his intersystem line f value to a value of 1.72 for the 3s' 'So-3s 3p 'P' line. We have

scaled his result by 1.84/1.72=1.07 (cf. Sec. III B5).
'Reference 2; a remeasurement of the work in Ref. 49 to correct for quenching by contaminants.
Reference 25.

~Reference 12.
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C. Comparison with other data

Our result, A =219+30 sec ', is in good agree-
ment with most of the other oscillator-strength
data for the intersystem line of Mg I listed in Table
III. The measurement by Boldt and the elec-
tron-excited beam measurement of Guisfredi
et al. yield lifetimes shorter than would be in-

ferred from our result.

V. DISCUSSION OF ASSUMPTIONS
AND APPROXIMATIONS

ularly apphcable when the magnitude of the tip-
ping angle 8 is much less than m. This condition
can readily be achieved by a weak pulse of coher-
ent or incoherent light for a strong transition or a
strong pulse of coherent or incoherent light for
weak transition where, in both cases, the ground-
state population is not significantly perturbed. The
value of the tipping angle estimated for our system
is more than an order of magnitude smaller than
m. Therefore, the rate-equation approach is ade-

quate to describe the interaction between the radia-
tion field and the atom ensemble in our method.

The assumptions and approximations involved in
this method for measurement of weak-line transi-
tion probabilities are introduced in Sec. II8 and
listed in Table I. In this section we discuss them
in the context of the experimental parameters.

A. Vahdity of the rate-equation approach

B. Neglect of second- and higher-order,
laser-power-dependent effects

The major second- and higher-order effects
which must be considered are self-induced trans-

parency, multiphoton excitation and ionization,
ionization by laser-induced electron heating, self-
focusing and -defocusing, and power broadening.

The density-matrix formulation provides a sta-
tistical description of the interaction of an atomic
gas and an intense, coherent electromagnetic field
such as the single or multimode output of a
laser. * This formulation can be reduced to a
simple rate equation when the off-diagonal ele-

ments of the density matrix vanish. However, the
rate equation describes only the population distri-
bution among states; incoherence of the atom en-

semble must exist a priori.
The pulsed laser used in the current study has a

wide spectral width and a short pulse duration. It
can hardly be characterized as a coherent radiation
source. The atom ensemble prepared by this ra-
diation field is, therefore, relatively incoherent.
Further incoherence among the atom ensemble can
be introduced by dephasing collisions with buffer-
gas atoms. The typical dephasing cross section is
about 4X 10 ' cm . The dephasing rate at the
buffer-gas pressure used in our measurement is in
excess of 10' sec ' at 200 Torr and about 10
sec ' at 5 Torr. No dependence on the buffer gas
has been observed. Dephasing among the atom en-
semble can further be achieved by the finite motion
of the atoms in the radiation field and the spatial
nonuniformity of the field strength E. ' The de-

phasing rate introduced by the above mechanisms
favors the vanishing of the off-diagonal matrix ele-
ments.

In addition, the rate-equation approach is partic-

1. Self induced transparency

Two of the requirements for the propagation of
the 2m pulse —self-induced transparency —are the
following: (i) a definite phase relationship among
the atom ensemble induced by the radiation field
during the excitation period, and (ii) the tipping
angle 8 must be greater than 2m.. Because of the
strong dephasing induced by the mechanisms dis-
cussed in the preceding section and because 8 is
more than an order of magnitude smaller than the
2m threshold, self-induced transparency is not ex-

pected to occur.

2. Mfdtiphoton excitation and ionization

Changes in populations of
~
1) and

~
2) can be

brought about by multiphoton processes. 4' 5 How-
ever, no other levels are found to be in resonance
with single- or two-photon transitions from

~
1) or

a single-photon transition from
~

2). The closest
level is the 3s4s 'So at 43503.3 cm '. The
3s 3p P&-3s4s So transition oscillator strength is
an order of magnitude less than that being stud-
ied. No multiphoton process cross sections for
Mg I are available, but, by using the data of Bebb
for alkali elements, we estimate that such processes
are negligible in our experiment.
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3. Laser-induced electron heating

Laser-induced ionization by electron heating has
been discussed by Measures et al. , and observed
by Lucatorto and McIlrath, Skinner, and
Bachor and Kock. ' The process requires a long
(i.e., several hundred nanoseconds or more) laser
pulse so that the laser energy can be efficiently
coupled into the atomic vapor. The pulse duration
of our laser is relatively short (-7 nsec) and the
'S- P' intersystem transition is not saturated.
Therefore, we expect that this process is insignifi-
cant in our study.

4. Self focusing and defocus-ing

We have assumed that the laser energy is uni-

formly deposited into a well-defined column of
magnesium vapor by a carefully collimated laser
beam. However, self-focusing or -defocusing of
such a beam can occur if the anomalous dispersion
of the medium is intensity dependent. ' Self-
focusing of laser radiation near an atomic reso-
nance transition has been observed with a laser in-

tensity of about 1 MWcm . However, because
we are concerned with a weak intersystem transi-
tion, self-focusing and -defocusing will be negligi-
ble.

5. Power broadening

We have considered only a laser bandwidth
several times wider than the absorption linewidth.
If the absorption linewidth or profile are signifi-
cantly altered from the above condition, Eq. (4) is
still valid but the data analysis becomes complex.

Broadening and shifting of spectral lines by in-

tense, pulsed laser radiation have been reported.
In the presence of a nonresonant field, the spectral
line will be shifted. However, in a resonant field,
the line will be split into components and shifted
symmetrically with respect to the unperturbed line
position.

Bonch-Bruevich et al. studied shifting and
splitting of the potassium D lines at laser intensity
of 10 kW/cm . Comparison of their atomic and
experimental parameters with those in our mea-
surement shows that these shifting and splitting ef-
fects may be neglected.

C. Laser bandwidth much greater
than the absorption width,

i.e. LEAL, ))Lkvy2

The remaining significant broadening mecha-
nisms are Holtsmark broadening, Doppler broaden-

ing, and pressure broadening. The magnesium
number density is kept at or below 5 X 10' cm
so Holtsmark broadening is negligible. The typical
Doppler width for the intercombination line is less
than 0.018 A; this is more than five times smaller
than the time-average laser linewidth. At max-
imum buffer-gas pressure of 200 Torr, the
Lorentzian width is less than half of the laser
linewidth. Above this buffer-gas pressure, the
linewidth is too broad to allow us to assume the
time-average laser line profile is constant over the
absorption line.

D. Collisional populating
and depopulating

The P& level is selectively populated by the
laser. Rapid collisional mixing populates the near-

by Po and P2 levels. A thermal distribution of
population is achieved in the 30-nsec interval be-
tween excitation of Pi and determination of n2
(cf. Sec. III C4).

Collision-induced quenching of the metastable
levels by the argon buffer gas or possible impurity
gas molecules such as N2 and 02 could significant-
ly reduce the population density of the metastable
levels. The quenching cross sections of the P'
term by rare gases or molecular gases such as N2
extrapolated from the work of Wright et al. are
about 10 and 10 ' cm, respectively. On the
time scale of less than 1 psec in which the atoms
are prepared in their P' term and the measure-
ment is made, quenching due to argon buffer gas
and the contaminants is insignificant. This is con-
firmed by the plot of f value vs argon pressure
shown in Fig. 3.

E. Collision-induced absorption

Collision-induced absorption can provide com-
peting channels to populate the metastable levels.
The physics of collision-induced absorption and
redistribution has been discussed in some detail by
Carlsten et al. ' and Cooper. Since collision-
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induced absorption involves pseudomolecule forma-
tion, it is sensitive to the density of both the
ground-state Mg atom and the perturber atom.
Our study shows that the f value measured is in-

variant to number density of both Ar and Mg over
an order of magnitude and suggests the insignifi-
cance of this effect.

F. Atomic vapor is optically thin
to the laser radiation

Throughout our discussion, the laser spectral ra-
diance I is assumed to be constant over the length
of the absorbing column. This condition can be
approximated by keeping the absorbing medium

optically thin at the laser wavelength. In our
measurement, the ground-state magnesium column

density is kept at a value less than 10' cm
where the approximation is still valid. Figure 3
shows the plot of the f value as a function of
ground-state column density. The measured f
values appear to deviate from the mean value when

the ground-state column density exceeds 10' cm

G. Laser has no spectral modes over h,v~2

The ratio of nq/n i monitored in all our mea-
surements is less than 0.3%. However, in view of
the fact that spectral-mode structure is present in

our dye laser output, the condition that ni « n2 is
not sufficient to guarantee that the transition is far
from saturation within the absorption band. The
laser spectral modes can induce hole burning in the
inhomogeneous-broadened absorption-line profile.
For hA, & AA, D, where hA, is the mode spacing of
the laser output, a more appropriate requirement to
ensure nonsaturation is n2 &&ni M, /dkA, where M,
is the width of the individual laser spectral mode.
In our study, the ratio M, /hk is close to unity.
The nonsaturation condition is therefore satisfied.

I. Thermally excited populations of excited levels

are negligible

The typical oven temperature is 800 K and, at
this temperature, the thermally excited population
of the metastable term is negligible.

J. Spontaneous radiative processes
involving

) 2), other than
(
2)-+

~
1)

may be neglected

%e have assumed that the laser bandwidth is
wider than the absorption line profile and constant
over it. However, mode structure (individual mode
width =0.0010 nm with mode spacing =0.0015
nm) is evident in our dye-laser output even though
modes are not resolved. Single-shot linewidth is
observed to be 0.0085 nm, but the shot-to-shot
laser jitter, which is believed to be caused by ther-
mal effects in the dye solution, gives a time-
average linewidth of 0.010 nm. It can be shown,
however, that Eq. (4) is still valid when the meta-
stable column density n2(T) and the laser spectral
radiance Io(t) are replaced by their mean values

n2(t) and Io(t).

H. Radiation field is homogeneous
and the system is far from saturation;

ll2 ((n]

Each of the fine-structure levels in the P' term
is connected to the ground state 'So by a radiative
transition. However, the transition probabilities of
Po 2 are several orders of magnitude smaller than

that of the corresponding Pi level. Depopulation
of this level through stepwise fluorescence can be
ignored.

VI. SUMMARY DISCUSSION

%e have presented a new technique for the
measurement of transition probabilities for weak
allowed, intersystem, and forbidden lines. As a
test of the new method, we have studied the
3s 'So-3s3p P~ intersystem line of MgI. Our re-

sult,

A =(2.19+0.30)g 10+ sec

The output of our tunable dye laser exhibits spa-
tial inhomogeneity. The spectral radiance at a hot
spot could be sufficient to saturate the 'So- P&

transition, which would then invalidate Eq. (4). A
beam expander (&5) has been incorporated into
our system to eliminate the hot spot and to colli-
mate the beam.

or

f=(2.06+0.29)y10 ',
is in good agreement with theoretical and other ex-
perimental data. This agreement and the estimated
measurement uncertainty of +15%, demonstrate
the utility of the method.
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This technique could be usefully applied to lines
several orders of magnitude weaker if a more
powerful laser were used. In fact, the original
analysis of this approach was based on the berylli-
um 455 nm (2s 'S-2s 3p P~) mtersystem hne
where the A value is close to three orders of mag-
nitude smaller than the one measured here. The
measurement of the Be-line A value is underway.

%e have pointed out in Sec. V that there are
several parasitic and competing mechanisms that
can limit the applicability of the method. The
upper limit, therefore, is primarily determined by
the dominance of any one of these effects. %e ex-

pect that this technique is applicable to the meas-
urement of atomic A values & 10 sec

(f=o(Io "~I.
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' fu=, ~ —~zi
mc 2gz

8m e g)

=1.499X10 '6—A, i [h(in A)]',
gr

where 1 and 2 refer to the lower and upper level,
respectively; m, c, and e have the usual meaning; and
the g's are the statistical weights of the levels.
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