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Line absorption measurements for zs 3S-2pa 3P7 transitions have been made as a function of
ground state oxygen O2pa 3P1 atom concentration. The results gave the following values for the
oscillator strengths (J4) of the ns 3 S -2pa 3Pz transitions of oxygen :

( 4 . 5 + 1 . 0 ) x l 0 - 2 ( n : 3 , A 1 3 0 . 2 2 n m ) ;  ( 5 . 9 + 1 . 4 ) x l 0 - 3 ( n : 4 , , \ 1 0 3 . 9 2 n m ) ;  ( 1 . 5 + 0 . 4 ) x 1 0 - 3
(n  :  5 , I97 .65  nm) .

The agreement with the literature of the fvalue for n : 3 is good ; no previous measurements for
the n : 4 and n: 5 transitions appear to have been reported.

Atomic oscillator strengths (y'values) or the associated transition probabilities
(such as Arr, rhe Einstein coefficient for spontaneous emission) are necessary basic
data in a number of different areas. Well-known oscillator strengths provide the
required correlation between observed intensities of absorption (or of fluorescence),
and the density of absorbing or emitting atoms. Thus, for example, quantitative
chemical kinetic measurements may be performed, or the composition of planetary
atmospheres may be modelled. Also, experimental y'values provide data both for
theoretical rvork involving semi-empirical calculations, and for verification of ab initio
calculations of oscillator strengths.

Most resonance transitions of atoms of aeronomic interest occur in the vacuum
ultraviolet spectrum, with its conconritant experimental difficulties. Therefore, only
recently has a significant body of data on such resonance transitions begun to accumu-
late. Studies of transition probabilities at wavelengths shorter than the LiF cut-off
(i.e., ), < 105 nm) are quite rare beca-use of acute experimental problems, although it
is in this wavelength region that theoretically important, resonance-Rydberg series
can be studied.

In order to begin to fill the void of information concerning transition probabilities
below the LiF cut-off, and more specifically those for resonance-Rydberg transitions,
we have measuredy'values for the 3s, 4s and 5s3S--2pa 3P, transitions in O(I) which
appear at 130.22, 103.92 and 97.65 nm respectively (see table 1). We have used the
line-absorption method for the determination of they'value for all three transitions.
(The method is applicable to the many other resonance transitions of O which lie
between 92 and I l0 nm). The apparatus employed collimated hole structures in lieu
of windows to separate the source, absorber and detector. The source was a micro-
wave discharge through a flow of helium with a trace of molecular oxygen. The
130.22 nmy'value was the same within experimcntal error as other recent experimental
and theoretical results. The shorter wavelength Rydberg transitions (n : 4,5) show
a trend iny'value consistent with theoretical expectations.
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Taurn I.-WAVELENGTHS AND ENERGTEs or ns 3S-2pa 3P, rn,lNsrrroNs oE O(r)

ground state 2p4

3 P , 3po
),lnm i/cm-t

130.603 76 568
104.168 9s 999
n.862 r02185

excited state ). lnm

130.217
103.923
97.645

v/cm-t

76 79s
96226

102 412

130.487
to4.o94
97.796

t/nm

76 636
96 067

102 253

3s
4s
5s

3,so
3s"
3,so

In this paper, we first consider the processes contributing to line broadening ofthe
emitters and absorbers. A brief formulation of the line absorption method is then
presented. The results section includes a description of the methods used to establish
the optical density and temperature in the oxygen atom resonance lamp, followed by
the results of the y'value measurements. Finally, our experimental y'values are
compared with previous work.

THEORETICAL

L INE ABSORPTION METHOD FOR o  ns3s lpa  3P ,  TnANSTTIONS

The raw data from whichy'values were derived were measurements of fractional
absorption, A, as a function of ground state O 2pn'P, atom concentration, N, using
a resonance lamp. The method is based on well-established principles,l-5 and it
utilizes the relationship between the integral of the absorption coefficient at frequency
v, k,, and the oscillator strength,/ for the corresponding transition:

_ l @

f  :  (mclne'N) |  k" dv.
J - o

The expression relating Ato kn is eqn (II),

A : ( I o - 1 8 " , ) / t . : { J : -

(r)

(II)

where / is the path length for absorption, and (v) is the frequency distribution of the
source emission line. The analysis used to determine values of/from measurements
of I using eqn (t) and (II) has been given in full elsewhere 1' 2' 4 and wil l be merely
summarized here (in a section to follow).

B R O A D E N I N G  O F  O X Y G E N  A T O M  L I N E S

The definition of the line shapes of the emitters [(v)] and absorbers, (k"), and
knowledge of the magnitudes of the line widths (FWHM), is central to the correct
evaluation ofy'values in the line absorption method [see eqn (I) and (II)]. In some
cases, such as the halogens F, Cl, Br, I, hyperfine nuclear splitting can broaden the
lines and can lead to resolved multiplet structure; 6 this leads to an underestimate of
y'values if the hyperfine splitting is ignored.l'7 In other cases, such as Ne, hyperfine
isotopic splitting of lines 8 can have the same effect. The oxygen 160 atom lines are
free from both nuclear and isotopic hyperfine effects.

The observed profile of any non-reversed atomic line is considered to be inter-
mediate between the limiting cases of a Gaussian, or Doppler profile, and a Lorentzian
profile. In the present work, the experimental conditions were such that all factors
leading to Lorentzian broadening were much less than those leading to Doppler
broadening. The basis for this conclusion is briefly summarized as follows.

.f(v)[r -exp ( - k"/)] *] 
I I-_ _,f(v) 

dv
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The Doppler width (Avo) due to thermal motions of atoms having mass M and at

temperature Zis given by eqn (III),1

Avo/cm-l : (2 I ).oc)QRT ln 2 I M)+ (rrr)

(rv)

/.o is the wavelength of the line centre. Values for Avo at 298 K for the oxygen atom

l ines of  in terest  are:  0.238cm 1 (4.03x10-anm) for  ) ,  130.22nm, 0.299cm-l
(3.23xI0-a nm) for  ) ,103.92nm, and 0.318 cm- l  (3.03 x 10-a nm) for  197.65 nm.

The phenomena leading to a Lorentzian line profile can be divided into two groups.

These aie: (i) natural broadening, which arises fron-r the Heisenberg Uncertainty

Principle ; and (ii) the several types of collision broadening, which include Lorentz'

Holtzmark and Stark broadening.l For the case of a resonance transition (where the

lower state has an infinite lifetime), the natural line width (Avp) reduces to the simple

form of eqn (IV),e

Av* : ll2mc : (4ne2lmc2)l O,ft"lO"l'?,

r is the lifetime of the upper state (r/) with respect to all transitions to all lower states

(i), and ru is the electron iest mass. In the case of the 130.22 nm transition (3s -2pa),

we need consider only transitions to the three./levels of the ground state. In conjunc--

tion with the well-establishedy'value (0.048-see table 2),the value Av* : 3.01 x l0 3

cm-1 for the 130 22nmline is then obtained. They'value results given in table 3 and

in ref. (10) established that the natural r,vidths were Av* : 6.80 x lO-a cm-r for

). 103.92'nm and 2.27 x 10-a for )" 97 .65 nm. It is clear, therefore, that even for the

strongest 130.22nm line, Av" is two orders of magnitude less than Avo at 298 K.

Contiibutions to the absorption from the natural line width can be safely neglected

for all save extremely large absorbances involving radiation trapping (kol > 10).

Tanrr 2,-OsCILLATOR srRENcrHs FoR THE 130,22 nm, 3s-2p", TRANSITION
method

line absorption
line absorption
lifetime (time-resolved)
lifetime (phase shift)
wall-stabilized arc

beam foil

beam foil
line absorption
beam foil

* measured at 130.5 nm.

The magnitude of Holtzmark or self-broadening, Av", is dependent upon the y'

value of thJrelevant line, as well as on the density of like atoms in the system 1r :

Av"i - 0.0229(8ne2 I mcz)(g' I g )Nf)".. (v)

/-value

0.045+0.010
0.047+0.009
0.046+0.001
0.050+0.009
0.049+0.011
0.047+0.005 1
0.050+0.005s *J
0.047s10.00s
0.052+0.005
0.050+0.004

reference

this work
J

27
28
29

30

3 1
32
J J

The maximum value for Avs in our rvork was for the 1130.22 nm line with N - 1013

cm-3, where its magnitude was 2 x 10-6 cm-l. This value is clearly negligible com-

pared with Avo (or Av,1), and Holtzmark broadening can be neglected in this work.

Lorentz oi foreign-gas collisional broadening arises from perturbations to the

energy levels of the emitting species by van der Waals interactions with the perturbing

mole-cule or atom. Its magnitude is given approximately by the simple expression

( I V )  1 2 :

Av' : 3.34 x102(Tl1)o'3(Acu)o'nl/ (VD

t In ref. (4) this quantity (AvH) was inadvertently given as a factor of 2 greater.
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where pr is the reduced mass of the colliding species, and AC6 (erg cm6) is the difference
between the dispersion coefficients for the upper-state perturberiystem and the lower-
state perturber system. The small ground-state interaction was neglected, and the
excited state broadening was estimated by calculating dispersion coefficients based
upon the Slater-Kirkwood approximation. Since excited-state physical properties
are not well known, we have had to make estimates of the excited oiygen atom pblariz-
abilities by the method of Slater orbitals.l3 Although the accurary of this method
for excited states is expected to be low, the calculated line widths shoutd be reasonably
accurate, since Av'- depends upon the polarizability only to the 0.4th power. our
calculated polarizabilities for the 3s, 4s and 5s excited 3s oxygen atoms are I . I 6 x l0-2e ,
4.82x10-27 and 8.53 x 10-27 m3 respectively. These vilues lead to Lorentz l ine
widths of  about  9.7x10 o,4.0x10 3 and 4.3x10-3cm-l  in  the absorpt ion cel l
(N - 8x 1016 helium atoms cm-3) for the 3s, 4s and 5s states respectiveli. In the
lamp (N - 1.4x 1017 helium atoms cm 3) the values of Av,- are 1.5x l0-3,'6.7 x l0-3
and 7.7 x 10-3 cm-1 in the san'le order. The results of these calculations show that
although Lorentz broadening was always much less than Doppler broadening in our
work, Avr and Av* become comparable in magnitude at helium pressures in the order
of 65 000 Pa (500 Ton). In fact, in flash photolysis-atomic resonance studies at
)" 130'22 nm with much higher total pressures, the Lorentzian tail of the absorption
coefficient curve (i.e., ku as a function of r) is expected to modify appreciably retotra.r""
absorption phenomena based on Doppler line models. For initance, at I atmos.
pressure of  FIe,  Avr /Avp :1.2for  ) ,  130.22nm.

Stark broadening results when the local electric field near an electron or ion leads
to a splitting in the energy levels of an atom with which the electron or ion is collidins.
Most neutral atoms show a quadratic Stark effect, which is only of large magnituje
for plasmas with high charged-particle densities. Unfortunately, the Staik effe;t gives
line shapes which are difficult to describe analytically. But for weakly-ionized plas-
mas, such as in low-power microwave discharges, one may employ the impact appioxi-
mation for electrons and ignore contributions from ions. The Stark broadenins then
gives rise to a Lorentzian whose width, Avr, is given by (VII),14

Av, : (38.8/2n)Cnz/z V.tt, N. (uD
where ca : 6.l5 x l0-1s times the Stark displacement (in cm-l) for a field of 105 v
"-rn-t. The Stark displacement is 5.6 x l02o a,rs where a (cm3) ii the polarizability of
the species of interest. nt (cm-t) is the electron density and v.1cm i-t) is the mean
electron velocity. Eqn (VII) and the polarizabilities, as estimated above, give Stark
widtlrs of 8.3 x 10-7, 4.7 x I0-s and 7.0 x 10-s cm-l for the 3s, 4s and 5s tiansitions,
respectively. These results assumed an electron temperature of 5000 K, which is not
a critical parameter, since Z enters the formula for Av" only to the one-sixth power.
The electron density was taken to be 1012 cm-3, which is the maximum value expected
for a low-power microwave discharge. We conclude that the estimates for Av, thus
obtained are two to three orders of magnitude less than the Lorentz line widths, Avr.

In summary, the only parameter determing the spectral distributions of the emis-
sion line and of the absorption coefficient is Doppler broadening, with a small (often
negligible) contribution from Lorentz and natural broadenins.

D o p p l n n  L I N E  M O D E L S  I N  A B S O R P T I o N  M E A S U R E M E N T S

The determination ofy'values from line absorption measurements with Doppler
line models has been discussed previously.l-s we have used a computer program
developed previously for this purpose.a' 5 This program takes account of a timitea
contribution to the line profile from Lorentzian broadening, and includes integration
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by Gaussian quadrature using the form of the Voigt profile given by Reiche.T The
object of the program is to evaluate the optical depth in the absorber, kol, as a function
of fractional absorption, A, and absorber concentration, N. y'values may thcn be
directly determined from eqn (VIII),

, , t _^ o r  - (vrrr)

ksl isafunct ionnotonly of  Aandof  i / ,buta lsoof theopt ica l  depthkominanysel f -
reversing layer in the lamp, and in addition, of the ratio a2 of source and absorber
temperatures ; a2 - T"fTu The parameters of importance in the present problem
are summarized in eqn (IX):

k6l : g(A, N, kom, a). ( IX)

Minor variables are -B and C, equal to [n/fln 2) . Av"/(Av* + Avu)] for the absorber and
emitter respectively ; these were included to account for small amounts of Lorentzian
broadening. Neglect of Lorentzian broa.dening terms would amount to, at most, a
29(rcduction in they'value; they will not be discussed further.

The experimental measurements were sets of values of A and N. Thc objective
was thus first to determine the best values of the secondary parameters k6m and oc, and
then to compute the corresponding kol value for each pair of A, N values [see eqn
(XIX)]. The twoJayer model was used to calculate kom, based on final values of the
oscillator strength. Since the self-reversal in the source was always r;inimized, k6m
was always < I , and the function of eqn (IX) was, therefore, rather insensitive to ksm.
This matter is discussed more fully below.

The parameter a, equai to J(T"|T^), is a more important one in determining /col
(and hencey'values), and this quantity is a.<lditionally very uncertain for absorption
experiments with most resonance iarnps. It was practicable in our work to develop
a technique for determining a, as described below.

No physical significance is attached to a in ihis analysis, the object of which was to
parameterize the frequency distribution of the source.l An analc,gy with this approach
is the common use of an equivalent Boltzmann temperature to characterize an energy
distribution which may not be an equilibrium distribution.

E X P E R I M E N T A L

The apparatus for studies of atomic resonance phenomena in the far vacuum ultra-
violet has been described previous1y.16 In outline, it consisted of a resonance lamp, an
absorption cell through which known concentrations of o 3P, atoms flowed, and a mono-
chromator. The lamp was a 2.45 GHz discharge in helium, to which was added a trace of
oxygen for the studies on the weaker 103.92nm and 97.65 nm lincs. Traces of residual
oxygen or water in the helium left after purification with a refrigerant trap at 77 K, sufficed
for the studies on the strong 130.22 nm line. The monochron-lator was a 1 m normal-
incidence type (Hilger and Watts E760) and the grating was a Pt-overcoated replica blazed
at 90 nm in the first order, with 600 line mm-1 and three equal, separately-ruled areas ilr
total 96x 56 mm (Bausch and Lomb). The detector was an E.M.I. 9789Q photomultiplier
cell, and a sodium salicylate phosphor, showing a mean dark count of 1.5 s-1 at 290 K and
at 850 V e.h.t.

All solid window materials absorb strongly below 105 nm; hence collimated hole struc-
tures (Brunswick Corporation) were used to separate the lamp from the absorption cell, the
absorption cell from a buffer volume, and the buffer volume from the monochromator [see
fig. I ofref(16)1. 'fhe narrow parallel channels ofthe collimated hole structures 16 restricled
the diffusion of gas between the sections of the apparatus, whilst allowing 40 fo transmission

hff)r#*,,
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of on-axis light. Off-axis light (>5" off-axis) is not transmitted, thus reducing scattered
light from the lamp below detectable limits.

Ground state oxygen atom concentrations were determined by using the N* NO reactions
to produce O 3P, atoms in the presence of a large excess of N aS atoms (from a microwave
discharge in Nz*Ar). With fN aSl > 2x 1013 cm-3, the reaction, N+NO + Nz*O,
was >99 /" complete within l0 ms under the conditions used. The concentration of O 3P.y
absorbers, N, was thcn simply taken to be (Iko/XF) x lMl; where F*6 is the flow (mol s-1) of
nitric oxide added, XFis the total mass flow rute,andfMlthe total concentration in the absorp-
tion cell.

A small correction to N was requiled because there was some gas flow into the absorption
cell, from the lamp and from the buffer volume. All these flows could be measured, but there
remained some uncertainty regarding the appropriate total mass flow rate to be used in the
absorption cell, which uncertainty we estimate to be * 13 ft. A second correction was
necessary, in this case, for the path length over which absorption took place. This arose
because of the existence of a sn-rall dead volurne iir the absorption path, and once again some
uncertainty, in this case about lhe true path length, remained. We took the path length to
be the diameter of the flow tube (3.4 cm) plus one-half of the length of the side-arm (0.75 cm).
The maximum error introduced was + 18 %. It appears, from the excellent agreement with
the literature of our /value for the 130.2 nm transition, that neither of these uncertainties
introduced serious error, or alternatively, that the errors cancelled out.

Fig. I shows part of the spectrum of the oxygen atom resonance lamp, between 95 and
105 nm, using FWHM resolution of 0.07 nm. As well as the very strong 3s 3S-2pa 3P1
triplet near 130 nm, and the much weaker 4s 3S-2pa 3P, and. 5s 3S-2pa 3P, triplets, many
other (some fairly intense) resonance multiplets were observed. Most of these would be
feasible for y'value determination, although complete spectral resolution within the 3 D-3 P
multiplets would not be practicable.

95 nm105

Ftc. I .-spectrum of far-u.v. oxygen atom resonance lamp, showing 3s-�2pa, 4sJpa,5s-2pa and other
resonance multiplets of O. ) 93 to 98 nm (300 Hz full-scale); ) 98 to 105 nm (1000 Hz full-scale).

R E S U L T S

L I N E  R E V E R S A L  A N D  T H E  D E T E R M I N A T I O N  O F  K O M

The extent of self-reversal in the lamp, as measured by ksm, could be determined
experimentally. The observed oxygen atom emission {.ni 3 s-2pn tpr.,..o) are triplets,
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with a single upper state emitting to a ground state consisting of three separate "I sub-
levels.  The intensi ty  rat io  of  th is  t r ip let  is  5:3:1 for  emiss ion to " I  :2 ,  1,0 in  the
absence of self-reversal. Small amounts of self-reversal will reduce the intensity ratios
(3Pr:3Pr: 3Po), since the lowest J:2level possesses a much greater Boltzmann
population (74%) at 300 K than the intermediate J : I level (20%) and the highest
t : O level (6 7). Thus the fractional absorption is greatest for the "I : 2 transition
and least for the ,I : 0 transition.

The computer program based on the two-layer model was used to calculate relative
lampintensities(3Pr: 3Pr: 3Po)asafunction of ksm. Theresultsu'erethencompared
with experiments and the appropriate ksm value for the "/:2 transition was deter-
mined. (The procedure is similar in principle to that described by Braun and Car-
rington 17 and Kaufman and Parkes 2). The lamp temperature was taken to be
1000K, in accordance with the present results for a (see below), and they'value for
the 130 nm multiplet was thc mean value of table 2.

The experimental intensity ratio for the 3s3S-2pa 3Pr (130 nrn) was 4.6:2.9'.1,
which corresponded to k6m:0.15 for the 3S-3P, l ine. Anticipating the results of
the following sections, we found that inclusion of this amount of self-reversal in the
analysis resulted in a 6 /" upwards correction to the finaly'value.

Because of lack of intensity, we were able to fully resolve only the triplet of the
3s 3 Slpa 3P, transition between 130.2 and 130.6 nm. Therefore, to determine /c6rn
values for the weaker 4s-2pa and 5s-2pa triplets, measuremeltts of kom for the 3s-2pa
triplet were made. This value of ksm was then multiplied by the appropriate ratio of
y'values to obtain k6m for the other triplets ; e.g., for the 4s-2pa triplet, kom (103.92
nm) : ksm (130.22) x (f(103.92) lf(1.3,0.nD.

For the 103.92 nm studies, higher concentrations of oxygen atoms in the lamp than
for the 130.22nm work were used, resulting in a measured 3Pr: 3P, : 3Po intensity
ra t i o fo r the3s -2pa  t r i p l e tequa l t o  3 .5 :2 .7 :1 .  Th i sgave  k6m:0 .6 fo r the130 .22
nm line, and hence ksm :0.08 for the 103.92 nm line. At sti l l  higher lamp oxygen
atom concentration, similar results for the 97.65 nm line, 5s-2p4, gaye kom : 0.07
derived from the datum ksm : 2.2 for the 103.22 nm line. The small amounts of
self-reversal for the two b.igher energy transitions led to negligible corrections in the
finaly'values for the 103.92 nm and the 97.65 nm transitions.

f -v t t -un FoR THE 130.22nm LrNE, AND rHE DETERIvI INATIoN oF d

In fig. 2, we have plotted values of ft6l (derived from measurements of I via compu -

tation-see above), against i/, for the 130.22 nm line ; Nis equa-l to X[O 3Pr]. Accord-
ing to eqn (VIII), this plot should be linear over the whole range of kol, if the correct
choice of a has been made. As shown in fig. 2, the plot of ksl against N is linear for
a : 1.8, but not for a : 2.5 (positive curvature), nor for a : 1.5 (negative curvature).
Since direct measurement of a is inappropriate, we used the linearity of kol against N
plots to determine a. The value of a was chosen by minimizing the quadratic term
in least squares polynomial fits of ksl against N which were generated for different
choices of a. Our data extended to sufficiently high lcol that s could be determined to
better than *0.1. It was found unnecessary to correct the results for self-reversal in
the lamp.

One effect that could invalidate analysis would be significant contributions to the
light signal in the presence of absorbing O atoms from fluorescent scattering.2 Some
of the light absorbed by the O atoms in the absorption cell would be re-emitted in the
direction of the detector, thus increasing the transmitted light signal. This re-emission
would have an increasingly large effect on the absorption measurements as the optical
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depth is increased. The deterrnination of ,4 would thus be low, leading to an under-
estimate of the optical depth, kol, in the absorption cell. The effect of fluorescent
scattering is readily observed in plots of kol against N, for data taken using a non-
coll imated lamp, at optical depths as low as 1.5 to 2.0.2 The coll imated hole struc-
tures used in our apparatus so severely restricted the fields of view from the lamp, and

Or .stS,-rp. 'P.  ( l3O.2nm)

Ni I012 atoms cm-3

Frc. 2.-Variation of optical depth &o/ rvith atom concentration for Ihe 130.22 nm line, showing vari-
ous choices of a.

N/1012 atoms cm-3

Frc.3.-Variation of kolwith Nfortn" tr%lti1|ne: determinationofy'value. (a:1.8). /:

of the detector, that an insignificant number of re-emitted photons is expected at the
detector. This expectation was verified directly: no resonance fluorescence could
ever be seen under conditions similar to those of the absorption experiments.

The present value, a : (1.8 + 0.1), is, therefore, likely to be free from major system-
atic errors. When this value of a was used with our experimental absorption results
at ).130.2nm (see below), the resulting f-value was within l0lof most of the other

'\

l 5
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recent determinations of/(see table I ). This finding adds extra weight to our method
for determining a.

Fig. 3 shows a plot of kel against 1/, rvith a : L8, for the absorption experiments
at 130.22 nm. The plot is a compo:iite of six independent experiuents, each including
about 20 data points. Some of the scatter in the data shown (fig. 3, 4 and 5) results
from slight changes in the residua-l O-atom concentration present in the N atom flow
before NO is added. The small positive intercepts in fig. 3 (also in fig.4) are attributed
to the residual O atom concentrations. The final result, /: (0.045+0'004)(2o)i, was
the mean value obtained from least mean squares fits (of k6l against N plots) to each

of the six separate experiments.

/ - va lue  s  FoR rHE 103 .92  nm aNn  97 .65  nm L INES

Fig. 4 and 5 shorv lt lots of kol against 1/, with a : 1.8, for the absorption experi-

mcnts at 103 92 nm and at 97.65 nm. Seven in<lependent sets of experiments in each

case were carried out. The analysis for the 4s-2pa 103.92 nm line was exactly as

described for the 130.22 nm line, and the result was/: (0.0059+0'0007)x'.

N/I012 atoms cm-3

Frc. 4.-Variation of kol with N for the 103.92 nm line: dctermination of fvalue. (a : 1.8). /:
0.0059 + 5.5 %.

The scatter of the 97.65 nm,5s-2pa data, was considerably greater than that of the

130.22nm and 103.92 nm results, as expected on account of the low count rates used

(Io - 22Hzat97.65nm). In this case, the data were analyzed in two ways. First,

the residual O atom concentration was measured using the (alrea.dy calibrated) 130.22

nm absorption, and all the O atom concentrations in the 97.65nm studies were cor-

rected aciordingly. This results in the full line through the origin shown in fig. 5.

However, thereippeared to be a slight deviation, marginally significant, of our data

from this line at high N. Therefore, we fitted the data by a linear least squares proce-

dure, to give the broken line (and finite intercept) also shown in fig. 5. This intercept,

if signifiiant, suggests that the residual N may have been slightly overestimated.

t This is the statistical uncertainty. The overall uncertainty is taken to be the square root of the
sumof squaresof  theuncerta int ies in l (+18%),N(+13 %)andin thegradient  ko l (2o:  !8%).
Thus the overall uncertainty for the 130.22 nmfvalue is +23 )(.

* Overall uncertainty is +25 )(.

f,! bi)
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- 

eo-- 90-160 uo-rzo

N/I0t2 atoms cm-3
FIc. S.-variation of kol with N for the 97.65 nm line: determination offvalue. (a : l.g). .Grope :

0.0016+ 11%, frorllOl : 0.0014+ 5 %.

However, since the error limits of the gradients of both lines (fig. 5) overlapped, we
took the mean of these gradients to give the best estimate of f for the 97.65 nm line :

/ :  (0 .0015+0.0004). f

D I S C U S S I O N

The finaly'values for the 3s-2pa,4s-2pa and 5s-2pa 3s-3p.r transitions are sum-
marized in table 3. The quoted error limits include allo',vance for uncertainty in mass
flow rate and absorption path length (see Experimental section). They are probably
unduly conservative, in view of the excellent agreement of they'value for the 3s-2pa
transition with recent literature (table 2). The relative fvalues should be reliable to

Taer,r 3.-CoMpARISoN oFI:vALUES BETWEEN EXpERTMENT AND THEoRy

inveree cube
extrapolation Kazaks Armstrong Wilson and

of expt. Kelley 21 c Kelley 2r b et a1.20 and Purdum-22 Nicolet 2s

0.049 0.059 0.047 0.056 0.030 0.047
0.0054 0.0066 0.0067 0.008 0.0063 0.0022
0.0015 0.0017 0.0017s 0.003 0.0029 5.8 x l0-a
6.4x lO-4 6.6x 10-a 6.8 x 10-4 0.0015 0.0017 2.2x 1O-4
3.2x 10-a 3.2x 10-a 3.3 x 10-a 8 x l0-a 7 x 1O-4
l . 8x  10 -4  1 .9x  l 0 -a  1 .9x  10 -4  5x  l 0 -4  l . 3x  10 -4

'r.

n f lexperiment

3 0.045 +0.010
4 0.0059+0.0015
5 0.0015+0.005
6
7
8
a based on calculated transition energies; b based on true transition energies.

within the statistical uncertainties given above. Table 2lists our value for the oscilla-
tor strength of the 130.22 nm transition, along with a comparison of nine other recently
reported values for this quantity. The mean of the ten values listed is (0.048 + 0.004)
(2o), where the mean was obtained by weighting each varue by the inverse of the
reported error limits. They'value for the 130.2 nm transition is thus known to good
precision. The results listed in table 2 were obtained by a number of different
methods, but no one method appears to show a consistent difference from the results
obtained by other methods. Transition probabilities obtained by various lifetime

i'Overall uncertainty is !33 %,.
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measurement methods have at t imes been regarded with a certain scepticism 18 since
cascade from longer-lived upner states sometimes rnasks the true lifetime of the state
under study. Thus, the measured lifetime may be too long, resulting in an oscil lator
strength which is too small. This cascade problem evidently does not affect the more
recent lifetime determinations, sincc they yield results consistent to within a few per
cent with values obtained frorn other methods.

In the hydrogen atom, oscil lator strengths for any Rydberg series l 'al l offas n-3.1e
For hydrogen-like transitions in a series, the oscil lator strengths would vary with n
as indicated by eqn (X).2o

f , :  fT l@-6,) '  (x)

wheref, is the oscillator strength of the transition from the state with principal quan-
tum number n, ff is a constant and dt is a quantum defect. This equation can be
rearranged to give a linear relationship (XI) between the inverse cube root of the

f-value and the principal quantum number:

f - 5 :  f t - 1 , 5 -  t - f \ - i "
J n  

- J t  v \  t J l (XD

Our experimental data are plotted according to eqn (XI) in fig. 6. The straight line
through the points is derived from least squares fit, which gave values of f* : 0.0384
and 6, : 2.08. Our experimentally-determined parameters of ihe inverse cube law,
allowed the calculation of the oscillator strengths of the higher-lying transitions in the
series. Since oxygen has been the subject of several theorctical studies, an experi-
mental check is provided for the calculated values of f for the principal resonance series
of oxvsen.

,L ,.
2 t 4 5 6 7 8

Frc. 6.-Rydberg series oscillator strength (f)ns3S-2pa3P2. Variation of /-* vv;15 principal
quanturn number z.

Table 3 lists our experimer.rtal y'values, the values corresponding to our best-fit
parameters to the inverse cube law, and those fi'om several theoretical studies. Both
Kelley 21 and Armstrong and Purdum 22 list values of o2, rather than they'value for

"l
I

r . t
,l
+ i
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the transition. The y'values listed in table 3 from these authors
according to eqn (XII) : 23

f  :0.333LE.51g, (xrr)
where A.E is the energy difference between the two states involved in the transition in
Rydbergs, 9 is the statistical weight of the lower state, and S is the absolute line
strength of the transition, which is given by

S: S(z)S(M)o'�. (xur)
In eqn (XIII), S(Z) is the relative line strength of the particular line, S(M) is the multi-
plet strength, and o2 is the tern which accounts for overlap in the radial matrix
elements of the two states involved in the transition. S(I) and S(M) were taken from
the tables of Shore and Menzel which are based upon Z-.S coupling.2a

The results of Kelley 21 are in excellent agreement with the present results, based
upon the inverse cube root extrapolation, especially if one takes the true transition
energies rather than those calculated from Kelley's Hartree-Fock-Slater wave func-
tions. The values of Kazaks et al.zo based upon an independent particle model, are
too large. For n > 5 their values are about a factor of 2.5 larger than our own
numbers. The results of Armstrong and Purdum 22 based in part upon the Couiomb
approximation, are about a factor of two larger than the present results for n > 5.
Wilson and Nicolet,2s on the other hand, report values which are about a factor of 2.5
smaller than the present results. Their values are taken from a report by Armstrong,
Johnston and Kelley.26

We thank S.R.C. for an equipment grant and a postdoctoral fellowship held by
L. G. P.
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