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Measurement of oscillator strengths of the principal series of calcium
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Measurements of oscillator strengths for the principal series of calcium 4s?'S,—dsnp P,
(11=<n <25) are reported. The data were acquired using the magneto-optical spectroscopic technique,
utilizing the linearly polarized light emitted by the 2.5-GeV electron accelerator, a 7-T superconducting
magnet, and a 3-m-high dispersion spectrograph with photographic detection. A quantum-defect plot of
the density of the oscillator strengths of discrete transitions yields the photoionization cross section at
threshold as 2.04+0.20 Mb, in agreement with earlier measurements.

PACS number(s): 32.30.Jc, 32.60.+1i, 32.70.Cs, 32.70.Fw

I. INTRODUCTION

Magneto-optical rotation absorption spectroscopy is
one of the well-established experimental techniques to
determine the oscillator strengths of atomic and molecu-
lar transitions. In this method, the rotation of the plane
of polarization of linearly polarized light is probed when
light passes through an absorption column in the pres-
ence of the magnetic field. When the atomic vapor is
magnetized and is viewed in the direction of the magnetic
field, each absorption line splits into a right circularly po-
larized ot and a left circularly polarized o~ component
(Zeeman effect). These components correspond to transi-
tions Am ==1, respectively, where Am is the difference
in the magnetic quantum number between the upper and
the lower energy levels. Since the linearly polarized light
is considered to be the result of opposite circular motions
of the same frequency, it can be resolved into a right cir-
cularly polarized and a left circularly polarized com-
ponent. As the refractive index is inversely proportional
to the propagating velocity of the motion, the right circu-
larly polarized radiation travels slower outside and faster
inside the region between 0~ and o™ components. Be-
cause of this difference in velocity, the plane of the result-
ing light is at an angle to that of the incident light. Thus
the rotation of the plane of polarization arises from the
difference in refractive indices which is directly propor-
tional to NfI, where N is the number density of the ab-
sorbing atoms, [/ is the length of the absorption column,
and f is the oscillator strength.

The determination of the f values from the far wings of
the resonance atomic transitions using the magneto-
optical rotation technique has been discussed by Mitchell
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and Zemansky [1] who also summarize the early work.
Huber and Sandeman [2] described the linear and non-
linear optical techniques to measure oscillator strengths
and transition probabilities. The method of resonant
magneto-optical rotation by use of a narrow bandwidth
tunable dye laser was described by; Gawlik et al. [3].
Garton et al. [4] and Alexa et al. [5] reported the appli-
cation of the magneto-optical rotation in determining the
relative f values of the Rydberg series in strontium using
synchrotron radiation as the light source, a 4-T supercon-
ducting magnet, and a high-resolution spectrograph. Re-
cently, Connerade et al. [6,7] have reported the measure-
ments of f values of higher members of the principal
series in SrI and Bal using synchronized pulsed magnetic
fields in conjunction with a pulsed laser.

The measurements of oscillator strengths for the calci-
um Rydberg series have been reported [8,9] using the
“hook” method. In the hook method, the values of Nf
are derived from measurements of the refractive index, by
an interference technique, close to an absorption line in
the range of anomalous dispersion. The distances be-
tween the hook peaks situated on either side of the spec-
tral line are measured and the Nf values are extracted
with a high accuracy. Smith and Liszt [10] measured the
oscillator strength of the 4s-4p 'P, resonance transition.
Similar measurements were performed by Parkinson,
Reeves, and Tomkins [11], who determined the oscillator
strengths for the principal series, 4snp 'P; (4<n <16),
the doubly excited level 3d4s 1P1, and the intercombina-
tion 4s4p P, line. The absolute scale was set by reference
to the density-independent measurements of the f values
for the resonance line [10]. Smith and Raggett [12] re-
ported the relative oscillator strengths of 37 lines of calci-
um, to an accuracy of 5%, using the absorption method.
Subsequently, Wynne and Beigang [13] measured the rel-
ative oscillator strengths of the 4snp 'P, (10<n <13) to
an accuracy of 2% using the phase-matched nonlinear
optical technique. The relative f values for a few
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members of the sharp and diffuse series, originating from
the 4s4p 3P, metastable level, have been measured [14]
using the hook method.

The photoionization cross section of calcium above the
ionization threshold has been extensively studied [15-18]
using conventional light sources. However, synchrotron
radiation has also been utilized for such studies [19,20].
Karamatskos et al. [19] measured the photoionization
spectrum of calcium in the autoionizing Rydberg series
using synchrotron radiation and the atomic-beam tech-
nique, whereas, Griesmann et al. [20] measured the cross
section of the doubly excited resonances using synchro-
tron radiation and a “hot-wire” thermionic diode ion
detector. Griesmann et al. [20] calibrated their data by
using the absolute measurements of the absorption cross
section at threshold, 0 =3.4%+0.7 Mb, which they ob-
tained by the multichannel quantum-defect theory extra-
polation of the discrete data [8,11] and the peak of the
broad 3d5p 'P, line at 1886 A, 0 =52+2 Mb (Mcllrath
and Sandeman [18)).

In continuation of our work on the magneto-optical ro-
tation spectroscopy using synchrotron radiation, exten-
sive investigations have been carried out on the spectra of
magnesium, strontium, silver, and lead [21-23]. The
present paper deals with measurements and interpreta-
tion of the relative f values of the principal series of Cal
2snp 'P; (11<n <25). We believe that accurate mea-
surements of the oscillator strengths in calcium extending
to high principal quantum numbers have not been previ-
ously reported.

II. EXPERIMENTAL PROCEDURE

The spectra were recorded using a 3-m off-plane Eagle
mounting spectrograph equipped with a 6000 lines/mm
holographic grating and synchrotron radiation emitted
by the 2.5-GeV electron accelerator at the Bonn Univer-
sity as the background source of continuum. The recipro-
cal dispersion of the spectrograph was 0.51 A/mm at
2000 A [24,25]. An absorption column of about 50 cm
length was obtained by using a simple wire-wound fur-
nace 150 cm in length, with an inner diameter of 32 mm
and a wall thickness of 2 mm heated by the heating ele-
ment. The heating zone of the furnace was limited to only
50 cm because the superconducting solenoid produces a
homogeneous magnetic field in a 60-cm-long column
along its central axis. The outer surface of the furnace
was covered by a water jacket to maintain it at a lower
temperature. The whole furnace assembly was laid into
the warm bore of the 6-T superconducting solenoids (run
at 5.7 T during the experiment) and the temperature of
the furnace was maintained to about £10%. About 1 to
2 Torr of helium was admitted into the furnace as a
buffer gas. This helped to contain the calcium vapor in
the homogeneous zone of the magnetic field. It also
helped to protect the CaF, window, which shielded the
synchrotron vacuum.

The spectra were photographed on the Kodak short-
wavelength-region plates with exposure times ranging be-
tween 6 and 8 min. The copper emission lines [26] emit-
ted by a hollow cathode were used as the wavelength
standards. The spectra recorded on the photographic
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plates were digitized with a computer-controlled micro-
densitometer at the Astronomy Institute, Bonn Universi-
ty. The light intensity transmitted by the photographic
plate was measured in steps of 5 um. A spectral range of
about 120 A is covered on a 20-cm-long photographic
plate. The digitized spectrum therefore consists of 40000
data points. For further analysis the desired section of the
line profiles was extracted from the complete digitized
spectrum.

III. DETERMINATION
OF THE OSCILLATOR STRENGTH

The analysis of the observed magneto-optical spectra is
described as a Vernier method by considering the full
profile of the absorption lines and including contributions
due to birefringence and dichroism. We represent the
synchrotron radiation as elliptically polarized, in contrast
to the Connerade [27], Connerade, Stavrakas, and Baig
[28] assumption that it is perfectly plane polarized having
right (+) and left (—) circularly polarized components of
the same magnitude. This conclusion is based on our ex-
perimental results. Since the synchrotron radiation is
plane polarized in the plane of the electron orbit and cir-
cularly polarized above or below the orbital plane, the in-
tensity of the polarized component depends on the part of
the synchrotron radiation being focused on the entrance
slit of the spectrograph. The experimental arrangements
were such that the spectrograph entrance slit was slightly
out of the plane of the electron orbit, therefore, accepting
the elliptically polarized component of the synchrotron
light.

The propagation of the synchrotron light through an
active medium is therefore represented by resolving the
electric field into the right (+) and left (—) circularly
polarized components of frequency w along the z axis as

E (z,t)=(1+a)Eqexplio(t —A z/c)](itij), (1)

where i and j are the unit vectors along the x and y axes,
z is the distance traveled through the active medium, i.e.,
the length of the absorption column /, a is the asymmetry
parameter (for a =0 one obtains the linearly polarized
light), and 7 is the complex refractive index, defined as

A.=n,—ik, . @)

The components of the propagating light are represented
as

E(z,t)=E , (z,t)+E _(z,t)
=E, (z,th+E,(z,1)] . (3)
Solving for the x and y components, we obtain
E, (z,t)={(1+a)exp(—iwH 1z /c)
+(1—a)exp(—iwfi _z/c)}Ejexpliot) ,  (4)
E,(z,t)={(1+a)exp(—iwf 1z /c)
—(1—a)exp(—ioA _z/c)}iEjexpliot) .  (5)

Dividing expression (4) by expression (5), and with some
mathematical manipulation, we arrive at a much
simplified expression
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E,(z,t) _ (1—exp(2i®)) _

B 6

Bz (tesplzio) 2P (6)
where

o=omty (7)

is the complex magneto-optical angle that represents the
two separate contributions from the Faraday rotation
and the circular dichroism. The Faraday rotation, or cir-
cular birefringence,

¢=(n,—n_)lw/2c (8)

arises because of the difference between the refractive in-
dices n and n_, and it causes the rotation of the plane
of polarization of the light about the direction of the
propagation. The circular dichroism contribution

d=(k, —k_)lo/2c—In{(1—a)/(1+a)} 9)

arises due to the differential absorption of 0™ and o~
components of the light. In our experimental arrange-
ment the diffraction grating serves as a polarizing ele-
ment; we therefore, denote the efficiency of the grating as
P. The reflection of the grating is more if the electric
field component of the incoming light is parallel to the
grooves of the grating. The radiation from the synchro-
tron is polarized in the plane of the orbit of electrons say
xz plane. Hence our experimental setup makes a com-
bination of crossed polarizers for the radiation before it
falls on the photographic plate. Considering the grooves
of the grating to be in the y direction, E, and E, of the
incoming radiation after reflection from the grating
(transmitted through the analyzer) then become
[(1—P)/2]'?E, and [(1+P)/2]'’E,. Therefore, the
intensity of the light after passing through the crossed
polarizers is

I=(1-P)I,/2+(1+P),/2, (10)
where
I,—1,)
= I (11)
(I, +1I,)

Here I, is the intensity of the light with the electric field

vector in the x direction and I, is the intensity of the

light with the electric field vector in the y direction.
Hence the intensity of the light finally falling on the pho-
tographic plate is given by the following expression:

I=(I,/4)[(1—a)exp(—2k_lw/c)
+(1+aexp(—2k L lw/c)]

+(Iy/2)[(1—a®)P(2sin’p—1)
Xexplk +k_)Ylw/c)] . (12)
On the basis of the standard dispersion theory for the
singlet-singlet transition [1], k. and n, are expressed as
functions of oscillator strength f, magnetic field B, and
frequency detuning (v—v,) as
_ e>Nf I /4w
20m (vy—vBY+(T /47)?’
1= esz (‘VO_ViB)
4rm(voxB) (vo—vtB)+(T /4mw)?

k. (13)

ny— (14)

where (T /41) is the width of the line profile, v, is the line
center in the absence of the magnetic field, and
B=(eB /4mwmc) gives the frequency shifts of the normal
Zeeman components. Substituting Egs. (13) and (14) in
Eq. (12) for the transmitted intensity, we get a direct rela-
tion between the oscillator strength (i.e., the NfI product)
and the Faraday rotation angle. For the numerical calcu-
lations and the least-squares fitting, we have used a more
elaborate expressions for n. and k. using Voigt line
profiles, which include the combined effects of the
Doppler broadening and the natural line width (cf. Dussa
[23]). By fitting the experimental line profile to this
theoretical formula for the transmitted intensity [Eq.
(12), we have extracted the product of NfI for all the lines
recorded on one photographic plate. The relative f
values are, therefore, determined more accurately for the
entire Rydberg series, which was recorded on a single
photographic plate under the identical experimental con-
ditions, because N and ! remain constant, whereas the f
values vary among the members of the Rydberg series.

IV. RESULTS AND INTERPRETATION

The electric-dipole allowed transitions from the 4s2 'S,
ground state of calcium are 4snp 'P; (4<n < «). The
resonance level 4s4p 1P1 lies at 4226.7 A, whereas the in-
tercombination line 4s4p 3P1, which arises due to the
breakdown of the AS selection rule, lies at 6572.78 A.
The doubly excited states arise due to the simultaneous
excitation of both the 4s valence electrons
452'S,—3dnp 'P,, which gives rise to a Rydberg series
terminating on to the first excited state of the ion. The
leading member of the doubly excited Rydberg series
3dnp 'P, has been located at 2275.46 A [29] and it lies in
between the 4s6p 'P, and 4s7p 'P, levels of the principal
series. Photoabsorption studies of the principal series
[29-31] show a systematic decline in the effective quan-
tum number at high n values. Subsequent studies of the
even and the odd parity Rydberg states by multiphoton
excitation [32] and multichannel quantum-defect theory
analysis confirm the configuration interaction between
the 4snp 'P, series and the 3d4p 'P, level. The lowest
member of the doubly excited Rydberg series perturbs
the entire principal series, whereas the higher members of
the doubly excited series, which lie above the first ioniza-
tion threshold, perturb the continuous spectrum and
show pronounced autoionizing resonances in the
4sep J =1 continuum.

The perturbation in the principal series caused by the
3d4p 'P, level not only induces energy shifts in the series
but also disturbs the decreasing trend of the oscillator
strengths and gives rise to a resonance in the discrete
spectrum. According to Seaton’s theorem [33], a smooth
extrapolation from both the discrete and the continuum
sides of the ionization threshold must match to yield the
same oscillator strength density at the threshold. The in-
trinsic behavior of the spectral distribution of f values
was interpreted by Geiger [34] using the multichannel
quantum-defect theory and by Barrientos and Martin
[35] using the quantum-defect orbital calculations.
Geiger [34] confirmed the 2.2 multiplication factor sug-
gested by Mcllrath and Sandeman [18] to put all the ex-
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isting experimental data above and below the ionization
threshold on an absolute and consistent scale.

In the present work, we have determined the relative
oscillator strengths (f values) of the principal series of
calcium (11 =n =25) using the magneto-optical rotation
technique. The observed magneto-optical absorption
spectrum of calcium covering the spectral region between
2020-2090 A is presented in Fig. 1. The strong and
broad line lying just above the ionization threshold corre-
sponds to the 3s4p 'P, transition of Mgl, which appears
as an impurity in the calcium sample.

The magneto-optical rotation pattern of the 4s11p 'P,
level of calcium is shown in Fig. 2. The normal Zeeman
effect splits the 4s11p 'P, line into two Lorentz com-
ponents labeled as 0™ and o, which appear near the
center of the pattern. The magneto-optical beats appear
symmetrically about the line center at zero magnetic
field. The first minimum in the profile appears when the
electric vector of the incoming light rotates by 7 /2 radi-
ans, the far wing region. As the frequency of the incom-
ing radiation is tuned, the electric-field vector rotates fur-
ther by 7 radians and a maximum occurs in the transmit-
ted intensity, polarizer, and analyzer in phase. This rota-
tion grows from zero to high angles as a function of pho-
ton energy, which results in maxima and minima in the
signal as sin?®. The observed line profile is then fitted, us-
ing Eq. (12), by a least-squares fitting routine to extract
the relevant parameters.

The experimentally observed magneto-optical rotation
pattern for the 4s11p P, transition and the least-squares
fitted pattern are shown in Fig. 2. The following parame-
ters were extracted from the computed line profile; reso-
nance energy (zero field) equals 47 997.49 cm !, polariza-
tion equals 55%, Doppler line width equals 0.644, asym-
metry parameter equals 43%, apparatus resolution equals
0.55, the product of the magnetic field and the g value
equals 5.7, and NfI equals 2.009. In order to match the
observed and calculated profiles, an offset equals 23 619,

Magneto-optical Absorption Spectrum of Cal
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FIG. 1. Magneto-optical rotation absorption spectrum of the
principal series (4snp 'P;) of calcium in the spectral region be-
tween 2020-2090 A. Above the ionization threshold, the
magneto-optical rotation pattern is due to the 3sd4p 'P, transi-
tion of magnesium, which was present as an impurity in the cal-
cium sample.
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FIG. 2. Calculated and experimental magneto-optical rota-
tion patterns for the 4s11p 'P, line in calcium with magnetic
field at 5.7 T. The extracted parameters are as follows: reso-
nance energy equals 47997.49 cm ™!, polarization equals 55%,
Doppler line width equals 0.644, asymmetry parameter equals
43%, instrumental resolution equals 0.55, product of the mag-
netic field and the g factor equals 5.7, and NfI equals 2.009.

slope equals —0.12, and the multiplication factor of
—7737.97 were incorporated in the fitting subroutine.

With a similar fitting procedure we have determined
the product NfI for all the observed line profiles with
11<n =<25. As the number density N and the length of
the absorption column / remains constant for a single ex-
posure spectrum, the relative f values can, therefore, be
determined quite reliably. The derived oscillator
strengths are accurate to about 10% on the relative scale.
The results are placed on an absolute scale in which the
oscillator strength of the 4s1lp 'P, line is fixed at
log,o(gf)=—2.6910.05 (Parkinson, Reeves, and Tom-
kins [11]), where (gf) is the product of the oscillator
strength and the statistical weight, which is equal to uni-
ty for the ground level. The uncertainties of the log(gf)
are expressed in logarithms. A comparison between pre-
viously known f values and the present measurements
are presented in Table I. The columns 1, 2, and 3
represent the principal quantum numbers, energies of the
upper levels and effective quantum numbers for each
transition, respectively. An inspection of Tables I shows
that the experimental error in the absolute f values varies
from 12% for the 11p, 17% for the 17p, and increases to
about 30% for n =17 members of the series. This fact
may be attributed to the limited rotations observed in the
far wings of the absorption profiles. In addition, the os-
cillator strengths of a unperturbed Rydberg series de-
crease with the principal quantum number as 1/(n*)?
which further reduces the possibility of the observation of
rotations for high Rydberg members. The relatively
higher error in the f values may also be due to the limit-
ed resolution and dispersion of our spectrograph.

The photoionization cross section at the ionization
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Absolute oscillator strength measurements of the principal series of calcium.

4s2'Sy—4snp 'P, (11=<n <25). The effective quantum number and the resonance energies (in cm™!)

are from Brown, Tilford, and Ginter [31].

n Energy n* Nfl logyo(g/f) logyo(g/)* logo(gf)° log o(8/)°
7 4542539 5318 —1.494006  —1.48+0.4 —1.71
8  46479.96  6.231 —1.91+0.06  —1.90+0.04 —2.20
9 4718443  7.192 —2.26+005  —2.25+0.04 —2.58

10 47662.10  8.170 —2.49+0.05  —2.52+0.04 —2.91

11 47997.49  9.158 2009  —2.69+0.05 —2.6940.05  —2.75+0.04 -3.12

12 4824053  10.149 1201  —2.91+0.05 —2.86+0.05  —2.94:+0.04 —3.31

13 48422.09 11.142 0797  —3.09+0.05 —3.06+0.06 —3.11+0.04 —3.29

14 48561.10 12.138  0.578  —3.23+0.05 —3.16£008  —3.25+0.04 —3.61

15 48669.83  13.134 0427 —3.36+0.06 —3.26+008  —3.341+0.04 —3.74

16  48756.45 14.131 0326  —3.48+0.06 —3.36+008  —3.43+0.4 —3.85

17 4882654 15129 0243  —3.61+0.07 —3.55+0.4 —3.96

18 4888406 16.127 0.185  —3.73+0.08 —4.05

19 48931.82 17.126  0.137  —3.86+0.09 —4.06

20 4897193  18.124  0.102  —3.98+0.10 —4.18

21 4900592 19.124 0.085 —4.06+0.12

22 4903498 20.123  0.067 —4.17+0.12

23 49060.02 21.122 0.065 —4.18+0.13

24 4908175 22122 0.055 —4.25+0.014

25 4910072 23.121 0.036 —4.44+0015

*Parkinson, Reeves, and Tomkins [11], oscillator strengths measured by the hook method.
®Shabanova [9], oscillator strengths measured by the hook method.
°Anderson, Zilitis, and Sarakina [40], oscillator strength calculated semiempirically.

threshold is determined by extrapolating the oscillator
strength density to the threshold since (Friedrich [33]),

lim £, {dE, /dn} ~'=df /dE|; g, (15)

where f, is the oscillator strength of the
4s21Sy—4snp 'P, transition, E, is the resonance energy,
and E is the ionization threshold energy. The effective
quantum number (n*) is related to the ionization energy
by the expression

E,=E,—R/(n*)?, (16)

where R is the mass corrected Rydberg constant for cal-
cium 109736.76 cm™! and n*=(n —pu), where yu is the
quantum defect. At high n value, the energy separation
becomes

dE, /dn =2R /(n*)* . (1mn
x10-¢ T L T T T
~ [
N~
E ) )
(2]
& S S Y
Qo oS
m/\ o
K ]
=
= 1e
o b?;ﬂo 4600 & I;OU “l;DD 49000

Ionization Threshold
49305.99 cm~!

Photon Energy (cm'l)

The total cross section at the threshold is related to
df /dE by

o(E)=4r*a(#/2m,)df /dE (18)
or numerically
o(Mb)=8.85X10° df /dE(cm) ,

where a is the fine structure constant and m, is the elec-
tron mass.

The left-hand side of Eq. (15) represents the oscillator
strength of a Rydberg state divided by the energy spacing
of the transitions at E, and E, .. In Fig. 3, we have
plotted histograms, which represent the f value of each
discrete level as the area of the rectangular block of
width 2R /(n*)* and height f,(n*)*/2R centered at the
corresponding transition energy. A smooth extrapolation
curve through the differential oscillator strength (df /dE)
plot yields the value of the absorption cross section at the

FIG. 3. Differential oscillator strength dis-
tribution (df /dE) in the discrete spectrum of
calcium from 4s7p 'P, to 4s25p 'P,. For the
sake of completeness, we have included oscilla-
tor strengths for the 4s7p !P, to 4s10p 'P,
lines form Parkinson, Reeves, and Tomkins
[11]. The oscillator strength density at the
threshold is determined by a smooth linear ex-
trapolation through the df/dE plot
(7=n<25), marked as an arrow, as
(2.3£0.2)X107¢ (cm) or ¢=2.04 Mb in
cross-section units.
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ionization threshold. The interpolated oscillator strength
density at threshold is (2.30+0.20)X 106 (cm), which is
equal to 2.04 Mb, in units of cross section. This value is
not far from that extrapolated value by Parkinson,
Reeves, and Tomkins [11], which is equal to 2.76 Mb,
from experimental measurements (4<n <16). Geiger
[34], using the multichannel quantum-defect theory cal-
culated the oscillator strength density at the threshold as
2.07X107% (cm), which is in excellent agreement with
the present value. Scott, Kingston, and Hibbert [36] us-
ing the R-matrix method calculated the photoionization
cross section at the 4s(2S, ,) threshold as 3.5 Mb. Al-
tun, Carter, and Kelly [37], using the many-body pertur-
bation theory and including the double electron reso-
nances, reported the photoionization cross section as 1.0
Mb (length) and 1.5 Mb (velocity). The relativistic ran-
dom phase approximation calculations [38] yield the
threshold cross section value as 2.0 Mb, which is in excel-
lent agreement with the present experimental value.

It is worth noting that the differential oscillator
strength (df /dE) curve of the principal series of Cal
shows a smooth linear behavior up to n =18, at which
point there is a sharp drop. Since the Rydberg series re-
veals a constant quantum defect the possibility of pertur-
bation due to an intruder which could cause the reduc-
tion in the oscillator strength, can be ruled out. Alterna-
tively, the emergence of the intercombination series could
also borrow the oscillator strength from the adjacent
singlet series but we have not detected these lines. A like-
ly explanation for this departure from the linear behavior
at high n values has recently been given by Nawaz,
Farooq, and Connerade [39]. The high magnetic field
leads to the emergence of the satellites due to / mixing
necessarily causing a reduction in the oscillator strength

of the main transition. Although in the present work we
have not been able to observe clearly the residual satellite
structure, the effects of magnetic fields are well docu-
mented (Garton, Tomkins, and Crosswhite [41,42]).

V. CONCLUSION

We have measured the relative oscillator strengths of
the principal series of calcium from n =11-25. The de-
rived oscillator strengths are believed to be accurate to
about 10% on a relative sale. We have placed the oscilla-
tor strengths on an absolute scale by reference to the data
for the 4s11p 1P line, and this absolute scale is correct to
within £0.06 or 15%. The photoionization cross section
at threshold is determined by extrapolation of the density
of oscillator strengths, using quantum-defect method, and
is found to be in good agreement with the previous exper-
imental and theoretical value.
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