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Abstract. We present experimentally measured absolute values of the photoionization cross sections from
the 5s5p 1P1 and 5s5p 3P1 excited states of strontium at the first ionization threshold as 11.4±1.8 Mb and
10.7±1.7 Mb respectively using saturated absorption technique along with a thermionic diode ion detector
in conjunction with a Nd:YAG pumped dye laser system. These threshold photoionization cross sections
values have been utilized to determine the oscillator strengths of the 5s5p 1P1 → 5snd 1D2 and 5s5p
3P1 → 5snd 3D2 Rydberg transitions. The oscillator strength densities in the continuum corresponding
to the 5s5p 3P1 excited state have also been determined by measuring the photoionization cross sections
at five ionizing wavelengths above the first ionization threshold. Smooth merging of the discrete f -values
into the oscillator strength densities has been observed for the 5s5p 3P1 → 5snd 3D2 series across the
ionization threshold.

PACS. 32.30.Jc Visible and ultraviolet spectra – 32.80.Dz Autoionization – 32.80.Fb Photoionization of
atoms and ions – 32.70.Jz Line shapes, widths, and shifts

1 Introduction

The oscillator strength of a transition is proportional to
the square of the dipole matrix element connecting two
atomic or molecular states. The measurement of oscilla-
tor strength and that of photoionization cross section is
a subject of considerable interest for many fields. It pro-
vides useful information about the strength of a transi-
tion and has significant importance in radiation physics,
plasma physics, astrophysics and thermonuclear research.
The oscillator strengths of atomic systems allow deter-
mination of the optical properties of atoms, transition
rate for absorption, emission and lifetimes of the excited
states. The distribution of the dipole oscillator strength as
a function of excitation energy is an important property
of atoms and molecules [1]. In the discrete region the os-
cillator strength directly determines the photoabsorption
cross section whereas, in the continuum the distribution
of the oscillator strengths yields the absolute value of the
photoionization cross section and they merge smoothly
from the discrete region into the continuum. Different ex-
perimental techniques have been used to determine the
oscillator strength of a transition such as through emis-
sion, absorption or dispersion measurements or via com-
bined measurements of branching ratio and lifetimes [2].
Huber and Sandeman [3] reviewed various techniques of
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oscillator strength measurements based on dispersion, ab-
sorption and emission and discussed merits and demerits
of these techniques. The energy positions of the Rydberg
states of strontium are well documented [4–11], but little
data on oscillator strength is available in the literature as
most of the available measuring methods have some lim-
itations which restrict their range of applications. Wiese
et al. [12] compiled the data on oscillator strengths of tran-
sitions and discussed various aspects of the methods used
for these studies. Barrientos and Martin [13,14] applied
the quantum defect orbital method to compute the os-
cillator strengths and the photoionization cross sections
of the alkaline earth metals and obtained the oscillator
strength distributions between the discrete and continu-
ous spectra. Werij et al. [15] used a combination of the R-
matrix, MQDT and modified Coulomb-approximation cal-
culations along with the branching ratio measurements to
get the transition rates for the allowed singlet and triplet
transitions in strontium. Parkinson et al. [16] used the
hook method to determine the f -values of the principal
series of calcium, strontium and barium and extracted the
photoionization cross section at the first ionization thresh-
old from the oscillator strength distribution in the discrete
and continuous spectra. Garton et al. [17] measured the
relative f -values of the 5snp 1P1 states using the magneto-
optical rotation technique and compared their results with
the earlier reported data. Mende and Kock [18] described
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Fig. 1. A schematic diagram of experimental setup for the two-step photoionization studies of strontium.

an experimental technique to measure the absolute oscilla-
tor strengths of the Rydberg transitions of Sr and Ba using
a thermionic diode ion detector. Absolute photoionization
cross section was measured at the ionization threshold
using the saturation technique [19–21], which was sub-
sequently used to calibrate the f -values of the 5snp 1P1

Rydberg transitions to put them on an absolute scale.
In the present work we have calibrated thef -values of

the 5s5p 1,3P1 → 5snd 1,3D2, Rydberg series with the
threshold photoionization cross sections measured from
the 5s5p 1P1 and 5s5p 3P1 excited states of atomic stron-
tium at the first ionization threshold using the saturated
absorption technique. The photoionization cross sections
above the first ionization threshold have also been mea-
sured and used to extract the oscillator strength densities
in the continuum corresponding to the 5s5p 3P1 excited
state.

2 Experimental procedure

The experimental measurement of the oscillator strength
of the 5s5p 1P1 → 5snd 1D2, and 5s5p 3P1 → 5snd 3D2

transitions of strontium have been conducted using the
experimental arrangement shown in Figure 1. Thermionic
diode is operated in the space charge limited mode and its
working principle and linearity is well described [22,23].
This detector consists of a stainless steel tube 48 cm long,
3 cm diameter and1mm wall thickness. Both the ends are
water-cooled and sealed with quartz windows. The tube
was evacuated down to 10−6 Torr. The 20 cm central
portion of the thermionic diode was heated by a clamp-
shell furnace, operating at a temperature of ≈920 K cor-
responding to ≈0.2 Torr strontium vapor pressure [24].
The ultimate temperature was monitored by a Ni-Cr-Ni

thermocouple and maintained within 1% by a tempera-
ture controller. A molybdenum wire of 0.25 mm diameter
stretched along the tube was heated by a separate reg-
ulated power supply for the ion detection. About 5 g of
strontium sample was placed in the central heating zone.
Argon at a pressure of about 1 Torr was used as a buffer
gas, which provided a uniform column of the strontium va-
por and also protects the quartz windows from the chem-
ical attack of the hot vapor. The ionization signal was op-
timized by adjusting the cathode current and the buffer
gas pressure in the cell.

To measure the photoionization cross-section, the
Hanna type dye laser [25] charged with Stilbene-420 dye
pumped with the third harmonic (355 nm) of a Q-switched
Nd: YAG laser (Spectra Physics, GCR-II) and tuned at
460.8 nm was used to populate the 5s5p 1P1 excited state.
These excited atoms were then ionized by the output
of the second laser at threshold wavelength 412.6 nm.
The ionization signals were registered as a change in the
voltage across a 100 KΩ load resistor. The intensity of
the ionizing laser was varied using neutral density filters
(Edmund Optics) in the path of the ionizing laser beam
and on each insertion, the energy was measured by an
energy meter (R-752, Universal Radiometer) and the sig-
nal height was recorded on a storage oscilloscope. Sim-
ilar steps were taken to record the photoionization data
from the 5s5p 3P1 excited state. The atoms were promoted
to this excited state with a dye laser fixed at 689.4 nm.
To measure the photoionization cross-section at thresh-
old, the excited atoms were ionized with the second laser
tuned at 318.2 nm. Besides we have measured the pho-
toionization cross-section from the 5s5p 3P1excited state
above the ionization threshold at five ionizing wavelengths
317 nm, 315 nm, 313 nm, 310 nm and 266 nm.
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Fig. 2. A schematic energy level diagram of strontium showing
the relevant levels in the excitation scheme. The level energies
are taken from the NBS tables [42].

Following the excitation schemes shown in Figure 2,
the 5s5p 1P1 → 5snd 1D2 (19 � n � 68) Rydberg
series of atomic strontium have been recorded via the
5s5p 1P1 intermediate state. The scanning laser charged
with Stilbene-420 dye and pumped by the third harmonic
(355 nm) was scanned from 45550 cm−1 to 45960 cm−1.
Further more, we have recorded the 5s5p 3P1 → 5snd 3D2

(24 � n � 70) Rydberg series through the 5s5p 3P1 inter-
mediate state. The dye laser, charged with DCM, dissolved
in methanol and its frequency doubled output using BBO
crystal was used to record the spectra covering the energy
region from 45700 cm−1 to 45945 cm−1. The wavelength
calibrations during these experiments were achieved by
recording simultaneously the output from the thermionic
diode, the optogalvanic spectra of neon from a hollow
cathode lamp and rings from a 1 mm thick fused silica
Fabry-Perot etalon (FSR 3.33 cm−1) via three boxcar av-
eragers (SR 250). The optogalvanic signals from the neon
hollow cathode lamp provided well distributed spectral
lines of neon in the region of interest [26] that serve as
wavelength standards. The interference fringes from the
etalon were used to interpolate between the neon lines.
The spectrum was recorded with a 0.05 cm−1 scanning
step of the dye laser. From the location of the peak signal
positions, the transition energies have been determined
within an accuracy of ±0.2 cm−1.

In these experiments the dye laser pulse energy was
≈1 mJ and the line width of the dye laser was �0.3 cm−1.
The exciting and the ionizing laser beams were linearly
polarized with parallel polarization vectors and passed
through the thermionic diode from opposite sides and
overlapped at its center. The temporal overlap of both
the laser pulses was checked using a fast PIN photodiode
(BPX 65). The relative delay between the exciting and
the ionizing laser pulses was controlled and varied by an
optical delay line.

3 Results and discussion

Strontium atom possesses two valence electrons outside
a filled shell core with ground state electronic configura-
tion as 5s2 1S0. The odd parity 5snp 1P1 excited states
can be approached via single photon excitation whereas
the even parity 5sns 1S0 and 5snd 1D2 states can be
accessed either via two-photon or through two-step ex-
citation from the ground state. We have used a two-step
excitation/ionization scheme for the measurement of the
optical oscillator strength distribution in the discrete and
continuous spectrum of strontium as shown in Figure 2.

The absolute oscillator strengths for the higher mem-
bers of the 5s5p 1P1 → 5snd 1D2 and 5s5p 3P1 → 5snd
3D2 Rydberg series have been determined with the exper-
imental technique developed by Mende and Kock [18]. A
simple relation between the f -value of the Rydberg tran-
sition and the photoionization cross section measured at
the ionization threshold is given as;

fn = 3.77 × 105 Sn λ1+

S1+ λn
σ1+. (1)

Here fn is the oscillator strength for the nth transition of a
Rydberg series, which is directly proportional to the pho-
toionization cross section σ1+ measured at the threshold-
ionizing wavelength λ1+. The quantity S1+ is the ion sig-
nal at the ionization threshold and Sn is the integrated
ion signal intensity for the nth transition.

As evident from the above equation, σ1+, the absolute
photoionization cross section at the ionization threshold
is one of the essential parameter for the determination
of the optical oscillator strengths of the Rydberg tran-
sitions. This absolute photoionization cross section from
the 5s5p 1P1 and 5s5p 3P1 excited states at the first ion-
ization threshold has been measured using the saturation
technique [19,20]. This technique has been applied for the
measurement of the photoionization cross sections from
the excited states of alkali and alkaline earths ([19,20,27]
and reference therein). This technique has been used to
measure the photoionization cross sections and optical
oscillator strengths of the auto-ionization resonances in
neon [28] and photoionization cross sections of the excited
states of helium and lithium [29,30].

The photo-ions produced as a result of excitation and
subsequent ionization are detected in the form of voltage
across the load resistor. The collected charge Q per pulse
is represented as:

Q =
(

Voltage signal

R

)
∆t. (2)

Here R is the load resistance and ∆t is the pulse width of
the photo-ion signal at FWHM.

In the absence of collisions and ignoring the spon-
taneous emission the solution of the rate equations for
the two-step photoionization process, yields a relation be-
tween the total charge per pulse and absolute photoion-
ization cross section [19,31] as;

Q = eNex Vvol

[
1 − exp

(
− σU

2�ωA

)]
. (3)
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Here e is the electronic charge, Nex is the density of the
excited atoms, A is the cross sectional area of the ionizing
laser beam, U is the total energy per pulse of the ionizing
laser, Vvol is the interaction volume and σ is the abso-
lute photoionization cross section. This equation is valid
under the assumptions that the intensity of the ionizing
laser beam is much higher i.e. in access to that required for
saturating the resonance transition, the transition remains
saturated during the laser pulse and the laser beam is uni-
form and linearly polarized. The two-step photoionization
depends upon the flux of the ionizing laser pulse, which
enables the absolute measurement of the photoionization
cross section. The accurate determination of the photoion-
ization cross section σ requires accurate measurement of
the ionizing laser energy as well as the characterization of
the spatial profiles of both the exciting and the ionizing
laser pulses in the interaction region. The uncertainty in
the energy of the ionizing laser beam is mainly due to the
fluctuations in the Nd:YAG laser, which is 5% and further
3%, is from the energy-measuring instrument. To charac-
terize the exciting and the ionizing laser’s spatial profiles,
two beam splitters were placed before the entrance window
of the thermionic diode and small fractions of the beams
were used to observe the spatial profiles at the photon-
atom interaction region. Both the exciting and the ioniz-
ing laser beams were scanned across the PIN photodiode
and the spatial intensity profiles of both the laser beams
were found to be of Gaussian distribution. Their spot sizes
were determined at the point where the irradiance (inten-
sity) falls to 1/e2 of their axial (peak) value. The exciting
laser with a diameter ≈3 mm was passed through the cen-
ter of the thermionic diode ion detector and the ionizing
laser was first passed through the aperture to confine its
diameter to ≈2 mm. This smaller diameter of the ionizer
laser beam reduces the problems associated with the spa-
tial overlap of the beams. A lens of 50 cm focal length was
used in the path of the ionizing laser to meet the power re-
quirements for saturation. The area of the overlap region
in the confocal limit was calculated using the following
relation [32,33]

A = πr2
0

[
1 +

(
λio l

πr2
0

)2
]
. (4)

Here ‘l’ is the distance on the beam propagation axis from
the focus (l = 0) and r0 = f λio/π rs is the beam waist
at l = 0, rs is half the spot size of the ionizing laser beam
on the focusing lens, f is the focal length and λio is the
wavelength of the ionizing laser beam.

The linearity of the thermionic diode ion detector is
very important while recording the experimental data of
the photoionization signals so that an actual change of the
photoions signal verses the energy density of the ionizing
laser can be registered. We configured the linearity of our
detector for the strongest photoion signal corresponding to
the maximum available ionizing laser intensity. Collisional
ionization due to the buffer gas atoms is the dominant
process in a thermionic diode [23]. We have optimized the
oven temperature and the buffer gas pressure such that
the ionization probability for the observed Rydberg states
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Fig. 3. The photoionization data form the 5s5p 1P1 excited
state to the first ionization limit. The solid line is the least
squares fit of equation (3) to the observed data, to extract the
photoionization cross-section σ (Mb) at the 5s thersold.

approaches to one [34], which is a necessary condition for
using equation (1). Moreover, the energy difference be-
tween the lowest member of the observed Rydberg series
and the ionization threshold is less than KT (0.08 eV at
T = 920 K) for the present experimental conditions.

To measure the photoionization cross sections from the
excited states at the first ionization threshold, the atoms
were first excited from the ground state to the 5s5p 1P1

and 5s5p 3P1 states via single-photon absorption with the
dye laser tuned at 460.8 nm and 689.4 nm respectively.
In the second step the atoms were promoted to the ion-
ization continuum by absorbing threshold wavelengths of
412.6 nm and 318.2 nm corresponding to the 5s5p 1P1 and
5s5p 3P1 excited states respectively. A typical data for the
photoionization from the 5s5p 1P1 state is shown in Fig-
ure 3. It is evident that as the laser intensity increases
the ion signal rises up to a certain value very swiftly, then
changes slowly and ultimately stops to increase further
i.e. the signal gets saturated. The solid line, which passes
through the experimental data points, is the least squares
fit to equation (3). In Figure 4 we present two curves which
are the fitted curves to the experimental data recorded at
the threshold ionization wavelengths from the 5s5p 1P1

and 5s5p 3P1 excited states. The fitting procedure yields
the photoionization cross section value at threshold as
11.4± 1.8 Mb from the 5s5p 1P1 and 10.7± 1.7 Mb from
the 5s5p 3P1 state. Interestingly, the values of photoion-
ization cross section from the 5s5p 1P1 and 3P1 states are
very close in strontium. A 15% higher cross section from
the triplet p-state as compared to that from the 6s6p P
has been recently measured in barium. A factor of two
difference has been theoretically predicted for 6s6p 3P in
ytterbium [35].

The photoionization cross section from the ground
state to the first ionization threshold is well studied
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Fig. 4. Fitted curves to the ex-
perimental data for the photoion-
ization cross-section from the 5s5p
1,3P1 states of strontium at thersh-
old.

[14,16,17,22,36]. Recently, Yih et al. [37] reported the
photoionization cross section of strontium and also listed
the earlier experimental and theoretical values at the
5s threshold ranging from 3 Mb to 13 Mb. Mende and
Kock [18] determined the cross section from the 5s5p 1P1

excited state of strontium at the first ionization threshold.
Our measured value of the cross section from this excited
state is 11.4 ± 1.8 Mb. To our knowledge no experimen-
tal as well as theoretical data of the photoionization cross
section from the 5s5p 3P1 excited states is available in
the literature. These measured values of the photoioniza-
tion cross section from the 1P and 3P excited states cor-
responding to the ionization threshold are used to extract
the f -values of the above-mentioned Rydberg series.

Moreover, we have measured the photoionization cross
sections from the 5s5p 3P1 excited state above thresh-
old at five ionizing laser wavelengths of 317 nm, 315 nm,
313 nm, 310 nm and 266 nm. Figure 5 shows the fit-
ted curves for the photoionization cross sections from the
5s5p 3P1 excited state at six different ionizing laser wave-
lengths. The measured values of the photoionization cross
sections from this fitting procedure are 10.7 ± 1.7 Mb,
11.2± 1.7 Mb, 10.6± 1.7 Mb, 9.2± 1.5 Mb, 7.2 ± 1.1 Mb
and 2.4± 0.38 Mb corresponding to the excess photon en-
ergies of 0 eV, 0.014 eV, 0.035 eV, 0.064 eV, 0.103 eV
and 0.764 eV respectively. The extracted values of the
cross section are given in Table 2 and are plotted against
the excess photon energy in Figure 6. The measured pho-
toionization cross section above the ionization threshold
decrease smoothly from the 11.1 Mb at excess energy of
0.014 eV down to 2.4 Mb at 0.764 eV excess energy. This
kind of decreasing trend of photoionization cross section is
reported by Yih et al. [37] and Chu et al. [38] of the ground
state. More recently, Martin and Hugo [39] calculated the
single photon photoionization cross section between the 5s
and 4d threshold, showing the smooth decrease in cross
section near-above the 5s threshold. From the 5s5p 3P1

excited state there is only one experimentally determined
photoionization cross section at excess energy of 0.764 eV
(at 266 nm) by Jones et al. [40] as 2.3 Mb. Our measured
value at this excess energy is 2.4 ± 0.38 Mb which is in
excellent agreement with that of Jones et al. [40].

Fig. 5. The fitted curves to the experimental data verses the
energy of the ionizing laser for the photoionization cross sec-
tion from the 5s5p 3P1 excited state of strontium at threshold
(318.2 nm), 317 nm, 315 nm, 313 nm, 310 nm and 266 nm. The
extracted photoionization cross-sections from the 5s5p 3P1 ex-
cited state at these ionizing laser wavelengths are also shown.

In order to find the values of the remaining parame-
ters λn, λ1+, S1+ and Sn used in equation (1), we have
recorded the Rydberg series 5s5p 1P1 → 5snd 1D2 and
5s5p 3P1 → 5snd 3D2 of strontium. Small portions of
each of the recorded Rydberg series are shown in Fig-
ures 7a, 7b. The 5s5p 1P1 → 5snd 1D2 (19 � n � 68)
Rydberg series have been recorded using 5s5p 1P1 as
an intermediate state covering the energy region from
45550 cm−1 to 45960 cm−1 is shown in Figure 7a. The in-
tensities of the high members of the series decrease mono-
tonically and the last observed Rydberg state 5s68d 1D2

lies ≈25 cm−1 below the ionization limit. The 5sns 1S0

series is also allowed but it is too weak to be detected
in the present work. Esherick [5] reported the 5snd 1D2
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Fig. 6. A plot of the photoionization cross section verses the
excess energy (above threshold) from the 5s5p 3P1 excited
state. The circular data point at excess energy 0.76 eV is the
photoionization cross section measured by Jones et al. [40].

series (5 � n � 60) and Baig et al. [10] investigated the
even parity 5s5p 1P1 → 5snd 1,3D2 Rydberg series us-
ing molecular dissociative sequential excitation and ion-
ization. In Figure 7b, we have reproduced the Rydberg
states excited from the 5s5p 3P1 intermediate state. Two
series are evident, the dominating series 5snd 3D2 have
been resolved up to n = 70 whereas the weak accompanied
series, identified as 5sns 3S1, is resolved from the 5snd 3D2

series up to n = 38. However the dominating series is 5snd
3D2, which is due to the larger spatial overlapping of the
wave functions of the lower state to that of the excited nd
than the ns states, which leads to higher transition ampli-
tudes. This Rydberg series was reported by Esherick [5]
(5 � n � 37) and Makdisi et al. [11] (25 � n � 47).
The effective quantum number n∗ have been calculated
by using the Rydberg relation;

n∗ =
√

RSr

IP − En
(5)

where RSr is the mass corrected Rydberg constant of
strontium 109736.6 cm−1, En is the energy of the ob-
served transition and IP is the ionization potential as
45932.09 cm−1 [26].

The absolute oscillator strength data for the 5s5p
1P1 → 5snd 1D2 and 5s5p 3P1 → 5snd 3D2 Rydberg
series were then evaluated with the help of equation (1).
The f -values of the 5s5p 1P1 → 5snd 1D2 transitions were
calibrated with the threshold photoionization cross section
(11.4±1.8 Mb) corresponding to excitation from the 5s5p
1P1 state. The measured f -values for the above-mentioned
Rydberg series along with the principal quantum number
(n), the wavelengths of the corresponding transitions and
the earlier reported data [18] are listed in Table 1. The
measured f -values of the 5s5p 1P1 → 5snd 1D2 Rydberg
transitions along with those by Mende and Kock [18] for
the same series are plotted against the principal quantum

(a)

(b)

Fig. 7. (a) The 5snd 1D2 (19 � n � 68) Rydberg states of
strontium observed from the 5s5p 1P1 excited level covering
the spectral region between 45500–46000 cm−1. (b) The 5snd
3D2 (24 � n � 70) Rydberg states of strontium observed from
the 5s5p 3P1excited level covering the spectral region between
45750–45950 cm−1.

number in Figure 8. Our measured values are in good
agreement to those by Mende and Kock [18] within the
experimental uncertainty. Moreover we have extended the
oscillator strengths data towards the higher excited states
(19 � n � 68). The product n∗3f versus the principal
quantum number (n) is shown in Figure 9 reflecting an
increasing behavior.

Similarly the f -values of the 5s5p 3P1 → 5snd 3D2

(24 � n � 70) Rydberg transitions have been calibrated
with the threshold photoionization cross-section of the
5s5p 3P1 excited state as 10.7 ± 1.7 Mb. The measured
values of this Rydberg series are also given in Table 1. The
n∗3f versus the principal quantum number (n) for the two
Rydberg series are plotted in Figure 9. The solid lines are
the linear fit to the experimental data points with increas-
ing slopes. The slope of n∗3f line for the 5s5p 1P1 → 5snd
1D2 series is larger than that of the 5s5p 3P1 → 5snd 3D2

Rydberg series, a clear indication of configuration inter-
actions.
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Table 1. Oscillator strengths data corresponding to the 5s5p
1P1 → 5snd 1D2 and 5s5p 3P1 → 5snd 3D2 Rydberg transi-
tions.

n

5s5p 1P1 → 5snd 1D2 5s5p 3P1 → 5snd 3D2

Wavelength
Oscillator Strength

Wavelength Oscillator
Present Mende and

(nm) Work Kock [18] (nm) Strength

20 418.66 1.7E-3

21 418.03 1.5E-3

22 417.50 1.4E-3

23 417.04 1.3E-3

24 416.65 1.2E-3 320.63 2.4E-5

25 416.30 1.1E-3 320.42 2.1E-5

26 416.00 1.1E-3 320.23 1.9E-5

27 415.73 1.1E-3 320.07 1.8E-5

28 415.50 8.7E-4 319.92 1.8E-5

29 415.29 8.0E-4 319.80 1.6E-5

30 415.10 7.8E-4 6.8E-4 319.68 1.5E-5

31 414.93 7.0E-4 6.0E-4 319.58 1.3E-5

32 414.78 5.5E-4 5.6E-4 319.48 1.1E-5

33 414.64 4.9E-4 4.9E-4 319.40 1.1E-5

34 414.52 4.7E-4 4.4E-4 319.32 9.9E-6

35 414.41 4.3E-4 4.8E-4 319.25 9.8E-6

36 414.30 4.6E-4 4.2E-4 319.19 8.5E-6

37 414.21 3.9E-4 4.1E-4 319.13 8.7E-6

38 414.12 3.9E-4 4.0E-4 319.08 7.2E-6

39 414.04 3.4E-4 3.6E-4 319.03 7.5E-6

40 413.97 3.5E-4 3.5E-4 318.99 7.1E-6

41 413.90 2.9E-4 3.3E-4 318.95 6.4E-6

42 413.84 3.2E-4 3.4E-4 318.91 5.8E-6

43 413.78 3.4E-4 3.0E-4 318.87 5.2E-6

44 413.73 2.6E-4 2.8E-4 318.84 5.5E-6

45 413.68 2.6E-4 2.7E-4 318.81 5.4E-6

46 413.63 2.3E-4 2.4E-4 318.78 4.8E-6

47 413.59 2.3E-4 2.5E-4 318.76 4.6E-6

48 413.54 2.1E-4 2.5E-4 318.73 4.0E-6

49 413.51 1.8E-4 2.2E-4 318.71 4.4E-6

50 413.47 1.9E-4 2.0E-4 318.69 3.3E-6

51 413.44 1.7E-4 2.1E-4 318.67 4.1E-6

52 413.41 1.6E-4 1.9E-4 318.65 3.7E-6

53 413.38 1.8E-4 1.8E-4 318.63 3.4E-6

54 413.35 1.8E-4 1.7E-4 318.61 3.4E-6

55 413.32 1.5E-4 1.6E-4 318.60 2.4E-6

56 413.30 1.6E-4 1.6E-4 318.58 2.9E-6

57 413.27 1.3E-4 1.3E-4 318.57 2.7E-6

58 413.25 1.3E-4 1.3E-4 318.55 2.9E-6

59 413.23 1.2E-4 1.2E-4 318.54 2.2E-6

60 413.21 1.1E-4 1.0E-4 318.53 1.9E-6

61 413.19 1.1E-4 318.52 2.4E-6

62 413.17 1.0E-4 318.51 2.1E-6

63 413.15 9.9E-5 318.50 2.2E-6

64 413.14 9.2E-5 318.49 2.1E-6

65 413.12 8.7E-5 318.48 2.0E-6

66 413.11 8.4E-5 318.47 2.0E-6

67 413.09 8.2E-5 318.46 1.8E-6

68 413.08 7.7E-5 318.45 1.7E-6

69 318.44 1.9E-6

70 318.43 1.7E-6

Fig. 8. A plot of the oscillator strengths of the 5s5p 1P1 →
5snd 1D2 (19 � n � 68) Rydberg series versus the principal
quantum number (n). The hollow circular data points are that
of Mende and Kock [18] and the solid circular data points are
from the present work.

Fig. 9. Plot of the (n∗)3f versus the principal quantum num-
ber (n) corresponding to the 5s5p 1P1 → 5snd 1D2 (19 � n �
68) and the 5s5p 3P1 → 5snd 3D2 (24 � n � 70) Rydberg
transitions of strontium.

In the next step we have extended our studies from the
discrete region to the above threshold ionization region.
The oscillator strengths (f -values) in the discrete region is
related to the differential oscillator strengths in the above
threshold region as [41]

(n∗)3f
2R

=
df

dE
(6)

where n* is the effective quantum number, f is the oscil-
lator strength of the discrete transition, R is the Rydberg
constant and E is the photon energy of the transition con-
necting the excited state and the continuum. The oscilla-
tor strengths distribution in the continuum is also related



446 The European Physical Journal D

Table 2. Experimental data for the absolute photoionization
cross section from the 5s5p 3P1 excited state of strontium.

Present work Previous work

state wavelength cross section
(

df
dE

)
E

cross section

(nm) (Mb) (eV−1) (Mb)

318.2 10.7 ± 1.7 0.097
317 11.2 ± 1.8 0.102

5s5p 3P1 315 10.6 ± 1.7 0.096
313 9.2 ± 1.5 0.084
310 7.2 ± 1.1 0.066
266 2.4 ± 0.4 0.022 2.3 [40]

Fig. 10. The experimentally measured distribution of the os-
cillator strengths in the discrete and in the continuum region
corresponding to the 5s5p 3P1 → 5snd 3D2 Rydberg series of
strontium.

to the photoionization cross-section as [41]

df

dE
= 9.11 × 1015σ(E). (7)

The 5s5p 3P1 → 5snd 3D2 Rydberg series have been
observed up to much higher principal quantum number
(n = 70) therefore we have selected this series to de-
termine the behavior of the distribution of the oscillator
strength in the continuum region.

The differential oscillator strengths for six different re-
gions of the continuum were then calculated from the mea-
sured values of the photoionization cross sections corre-
sponding to the 5s5p 3P1 excited state using equation (7).
The calculated values of differential oscillator strengths at
the excess energies of 0 eV, 0.014 eV, 0.035 eV, 0.064 eV,
0.103 eV and 0.764 eV at and above the first ioniza-
tion threshold are given in Table 2. In order to give an
overall view of the oscillator strength distribution from
the 5s5p 3P1 excited state of strontium, we have plot-
ted the discrete f -values and the corresponding oscilla-
tor strength density df/dE in the continuum on the same
graph in Figure 10. The solid line is a freehand sketch
to the experimental data points just to show the trend
of the oscillator strength distribution in the discrete and

continuum regions while the dashed line represents the
ionization threshold. Figure 10 clearly indicates a smooth
merging of the discrete absorption features into the con-
tinuous absorption across the ionization threshold for the
5s5p 3P1 → 5snd 3D2 Rydberg series. The inset in the
figure shows an expanded view of the discrete region and
near the threshold ionization continuum from −0.04 eV
to 0.04 eV. This kind of connection up to and beyond the
ionization threshold was discussed by Berkowitz [41] and
Fano and Cooper [1].

The maximum overall uncertainty in the determina-
tion of the absolute photoionization cross section is es-
timated to be ≈15%, which is attributed to the exper-
imental errors in the measurements of the laser energy,
the cross sectional area of the laser beam at the focus-
ing volume, the calibration of the detection system and
a non-uniform transmission of the quartz windows. The
f -values are quoted ≈18% uncertainty, which is due to an
additional uncertainty in measurement of the transition
energy and integrated line intensities.

In conclusion we have reported the oscillator strengths
for the 5s5p 1P1 → 5snd 1D2 and 5s5p 3P1 → 5snd 3D2

Rydberg series of strontium using the threshold values of
the photoionization cross sections from the two excited
states of strontium. The measurements were extended to
the ionization continuum for the 5s5p 3P1 → 5snd 3D2

Rydberg transitions and a smooth connection between the
discrete f -values and the oscillator strengths distribution
in the continuum has been established. This technique can
be extended to determine the oscillator strength distribu-
tion in the discrete and the continuous spectra of all the
alkali and the alkaline earth elements. Further work in this
direction is in progress in our laboratory.
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ments of the oscillator strengths of Rydberg transitions of
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ported by the Higher Education Commission (HEC), Pakistan
Science Foundation, and the Quaid-I-Azam University, Islam-
abad, Pakistan. Sami-ul-Haq, M. Rafiq and M A Kalyar are
grateful to the HEC for the grant of Ph.D. scholarship under
the Indegenous scheme.
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