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Abstract. We report new measurements of the oscillator strengths of the 3p 2P3/2 → nd 2D5/2,3/2 and
3p 2P1/2 → nd 2D3/2 Rydberg transitions of sodium using a thermionic diode ion detector in conjunction
with the Nd:YAG pumped dye lasers. The ns 2S1/2 and nd 2D5/2,3/2 Rydberg series have been recorded
via two-step excitation, from the 3p 2P3/2 and 3p 2P1/2 intermediate states. Employing the saturation
technique, the photoionization cross sections from the 3p 2P3/2 and 3p 2P1/2 intermediate states at the
first ionization threshold are determined as 7.9(1.3) Mb and 6.7(1.1) Mb respectively. The f -values of the
Rydberg transitions are calibrated with the photoionization cross section measured at the first ionization
threshold and compared with the earlier data.

PACS. 32.30.Jc Visible and ultraviolet spectra – 32.80.Rm Multiphoton ionization and excitation to highly
excited states (e.g., Rydberg states)

1 Introduction

The sodium atom has an inert core and a single valence
electron, which is similar to that of hydrogen atom, pos-
sessing 3s 2S1/2 ground state configuration. The energy
positions of the Rydberg states of sodium have been ex-
tensively studied since the advent of narrow bandwidth
tunable dye lasers and the results have been discussed in
a number of books [1–5], but comparatively little informa-
tion is available about the oscillator strengths of the highly
excited states. Measurements of the absolute optical oscil-
lator strengths provide information about the electronic
transition probabilities for the valance or inner shell ex-
citations and ionization processes. The oscillator strength
of a transition is proportional to the square of dipole ma-
trix elements and is a dimensionless number that is useful
for comparing different transitions. The determination of
oscillator strength of Rydberg transitions require the ab-
solute value of the photoionization cross section at the
ionization threshold to be used for calibration.

A number of groups have calculated the optical oscilla-
tor strength of the resonance transitions of sodium (3s →
3p) but very little data is available for the higher members
of the series. Manson [6] predicted the existence of a min-
ima in the continuum generalize oscillator strengths for
different atoms and calculated the oscillator strengths for
the 3s → 3p transitions of sodium. Weisheit [7] calculated
the oscillator strengths and the ground state photoion-
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ization cross section for the principal series of the alkali
metals (Na, K, Rb and Cs). Shuttleworth et al. [8] de-
termined the cross sections and the oscillator strengths
of the 3s → 3p transitions of Na and the angular depen-
dence of these parameters for different incident electron
energies was also measured. Vuskovic and Srivastava [9]
used a crossed-electron-beam-metal-atom-beam scattering
technique to measure the cross sections at different inci-
dent energies by varying the scattering angles for different
states of sodium. Using the theoretical and experimental
data, they extrapolated the differential cross sections be-
tween the angular regions of 0–10 degrees and 120–180
degrees and determined the oscillator strengths of the res-
onance transitions of sodium. Barrientos and Martin [10]
applied the quantum defect orbital method to compute
the oscillator strengths and photoionization cross sections
of the alkali metals. Mitroy [11] calculated the oscillator
strength from the cross sections for the 3s → 3p tran-
sitions of Na in a four state approximation (3s, 3p, 4s,
3d) at 22.1 eV, 54 eV and 150 eV energies. Bielschowsky
et al. [12] both theoretically and experimentally investi-
gated the generalized oscillator strength for 2p–3s and
3s → 3p transitions and compared their work with the ex-
perimental results. Chen and Msezane [13] determined the
oscillator strength for the 3s → 3p transition of sodium
using the spin-polarized technique of the random phase
approximation with exchange (RPAE) and the Hartree-
Fock approximation and also identified the minima po-
sition. More recently, Miculis and Meyer [14] calculated
the absorption cross section of Na (3p 2P3/2) into the
higher Rydberg state and photoionization cross section
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Fig. 1. A schematic diagram of the experimental set-up.

as a function of photoelectron energy and also calculated
the Einstein coefficients for spontaneous emission of the
3p3/2 ns and 3p3/2 nd Rydberg transitions.

In the present work we have recorded the 3p ns, nd
series attached to the first ionization threshold using two-
step excitation from the 3p 2P3/2 and 3p 2P1/2 interme-
diate states. The photoionization cross section at the first
ionization threshold is determined using the saturation
technique and subsequently the f -values of the Rydberg
transitions have been extracted and are compared with
the available literature values.

2 Experimental set-up

The basic experimental arrangement to record the
Rydberg series, to measure the photoionization cross sec-
tion and the oscillator strengths of sodium is similar as de-
scribed in our earlier work [15–17] is shown in Figure 1. We
have used a Nd:YAG laser system (Spectra, GCR-11), op-
erated in the Q-Switched mode, for pumping locally made
Hanna type dye lasers [18]. Sodium vapor were produced
in a thermionic diode composed of a stainless steel tube
48 cm long, 3 cm in diameter and 1 mm wall thickness.
About 20 cm of the central part of the tube was heated
by a clamp-shell oven operating at ≈640 K that corre-
sponds to ≈0.2 Torr vapor pressure of sodium. Argon gas
at a pressure of ≈0.5 Torr was used as a buffer gas. The
temperature was monitored by a Ni-Cr-Ni thermocouple
and was maintained with in ±1% by a temperature con-
troller. A 0.2 mm thick tungsten wire, stretched axially
along the tube was heated by a separate regulated power
supply that served as cathode for the ion detection.

The experiments were performed using a two-step
excitation technique. The first dye laser, charged with
R590 dye dissolved in methanol and pumped by the SHG
(532 nm) of the Nd:YAG laser was used to excite the
atoms from the 3s 2S1/2 ground state to the 3p 2P3/2 state
at 16973.37 cm−1 (≈589 nm) in the first experiment and to
the 3p 2P1/2 state at 16956.17 cm−1 (≈589.6 nm) in the
second experiment. In the second step the second laser,
which is a mixture of Stilbene-420 and LD-390 pumped
by the third harmonic (355 nm) of the Nd:YAG laser, de-
layed by a few ns and overlapped with the first laser is
used to register the nd and ns Rydberg series of sodium

Fig. 2. A schematic energy level diagram of sodium showing
the relevant participating levels in the excitation scheme. The
level energies are taken from the NIST data [25].

covering wavelength range from 439 nm to the first ioniza-
tion limit. The natural lifetime of the 3p 2P3/2 state of Na
is 16 ns [19] and the second laser is delayed by approxi-
mately 4 ns. Obviously some decay of this state does occur
before the arrival of the second laser pulse, but it is neg-
ligible [20]. Therefore, the temporal overlapping of both
the laser pulses is not very critical. In each of the above-
mentioned experiments, we have extracted the photoion-
ization cross section at the threshold and used this value
of cross section to calibrate the oscillator strengths of the
Rydberg transitions. The cross sections were measured us-
ing the saturation technique [21]. In each experiment the
cross sections are measured by keeping the intensity of
the exciting laser fixed while varying the intensity of the
ionizing laser using neutral density filters (Edmund Op-
tics). 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. The ion
signal was taken across a 10 kΩ resistor through a 0.1 µF
blocking capacitor and was registered on a 200 MHz stor-
age oscilloscope.

3 Results and discussion

In the first set of experiments, we have excited the sodium
atoms from the 3s 2S1/2 ground state to the nd 2D5/2,3/2

and ns 2S1/2 Rydberg states via the 3p 2P3/2 intermediate
state using the two-step excitation technique. A schematic
energy level diagram is shown in Figure 2. The excitation
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Fig. 3. A portion of the spectrum of sodium showing the 3p
2P3/2 → nd 2D5/2,3/2 and 3p 2P3/2 → ns 2S1/2 Rydberg transi-
tions approached from the 3s 2S1/2 ground state. An enlarged
section of the spectra for the lower member of the series is
also inserted indicating the presences of the 3p 2P1/2 → 14d
2D3/2 and 3p 2P1/2 → 15s 2S1/2 transitions.

spectrum obtained by scanning the second dye laser from
40850.17 cm−1 to 41459.74 cm−1 is shown in Figure 3.
An enlarged portion of the spectra for the lower mem-
bers of the series is shown as an insert in Figure 3. It
is interesting to note that although the first laser which
was tuned to achieve the 3p 2P3/2 intermediate state only
and correspondingly the 3p 2P3/2 → nd 2D5/2,3/2 and
3p 2P3/2 → ns 2S1/2 Rydberg series were expected, the
spectrum also contains the 3p 2P1/2 → nd 2D3/2 and 3p
2P1/2 → ns 2S1/2 states. The appearance of the series
from both the multiplets may be attributed to the “colli-
sional processes” that cause decay from the 2P3/2 to the
2P1/2 state. It is due to the fact that at high temperature
if the 3p 2P3/2 state has been resonantly excited, the colli-
sional redistribution of the population can populate the 3p
2P1/2 state as well [22]. It is observed that the nd and ns

series excited from the 3p 2P1/2 intermediate state possess
much lower intensity as compared to that of the 3p 2P3/2

state (see Fig. 3). According to the intensity rule in LS-
Coupling, the transition probability of the excited states
originating from a common level is proportional to their
statistical weights [23] and for the transitions S1/2 → P3/2

and S1/2 → P1/2 the ratio is 2:1. The transition probabil-
ity of the 3p 2P3/2 state is expected to be twice to that
from the 3p 2P1/2 state. Moreover, the nd series in the
spectrum is dominant over the ns series for both of the
3p components which are in accordance to the allowed
dipole transition rules which implies that a transition in
which the orbital and total angular momentum quantum
number change in the same direction is more probable
than a transition in which both the quantum numbers
change in the opposite directions. Therefore the strong
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Fig. 4. A portion of the spectrum of sodium showing the 3p
2P1/2 → nd 2D3/2 and 3p 2P1/2 → ns 2S1/2 Rydberg transi-
tions approached from the 3s 2S1/2 ground state. An enlarged
section of the spectra for the lower member of the series is also
inserted indicating the presences of the 3p 2P3/2 → 13d 2D5/2

and 3p 2P3/2 → 14s 2S1/2 transitions.

Rydberg series accessed from the 3p 2P3/2 intermediate
state is assigned as nd 2D5/2,3/2 (13 � n � 48) and the
other series which is about four times weaker in intensity
than the nd series is assigned as ns 2S1/2 (14 � n � 39).
It is also observed from the recorded Rydberg series, that
initially the ns and nd series excited from both the 3p
multiplets 2P3/2 and 2P1/2 are distinguishable at lower
quantum number n, but as the principal quantum num-
ber increases the ns series excited from the 3p 2P1/2 state
tends to mix with the nd series excited from the 3p 2P3/2

state. Similarly the nd series signal due to excitation from
3p 2P1/2 mixes with the ns series due to the 3p 2P3/2

state. This mixing/overlap occur due to the bandwidth of
second laser which is ≈0.3 cm−1 and as long as it is less
than the energy separation between the ns and nd series
components, they remain distinguishable.

In the second set of experiments, the atoms are ex-
cited from the 3s 2S1/2 ground state to the nd 2D3/2

and ns 2S1/2 Rydberg states via the 3p 2P1/2 interme-
diate state. The first dye laser is tuned to the 3p 2P1/2 at
16956.17 cm−1 (589.6 nm) and the second dye laser (ion-
izing), delayed by a few ns, is overlapped with the first dye
laser and scanned in the energy range from 40 715 cm−1

to 41 500 cm−1. The spectra recorded at stabilized tem-
perature and pressure is shown in Figure 4. An enlarged
portion of the spectra for the lower members of the se-
ries is also shown as an insert in this figure. It is ob-
vious from the figure that at low pressure of the buffer
gas the dipole allowed transitions 3p 2P1/2 → nd 2D3/2

are sharp and correspondingly have higher peak inten-
sity as compared to the ionization signals that originate
due to 3p 2P3/2 → nd 2D5/2,3/2 transition. As the first
laser is tuned to the 2P1/2 intermediate state, one can
observe only the 3p 2P1/2 → nd 2D3/2 transition and
the 3p 2P3/2 → nd 2D5/2 transition should not have been
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there. However it is evident from Figure 4 that both the
lines are present. There are a number of possible mecha-
nisms for the occurrence of the transitions from both the
3p 2P3/2 and 2P1/2 components.

(a) The bandwidth of the first laser may be sufficiently
large so that its wings can overlap and populate 2P3/2.
In the present work, the laser line width (�0.3 cm−1) is
much smaller than the splitting between the 2P1/2 and
2P3/2 states (17.198 cm−1). Therefore this possibility
can be discarded.

(b) The intensity of the first laser is sufficiently large that
laser energy density causes AC Stark splitting or shifts.
This basis can also be ruled out as the intensity of the
first step exciting laser is kept very low.

(c) The collisional redistribution of population may popu-
late the 3p 2P3/2 level if 3p 2P1/2 is excited resonantly,
provided the pressure and/or the temperature in the
interaction zone are high. In the present work, the tem-
perature in the cell is kept at 640 K that corresponds
to 0.2 Torr vapor pressure of sodium.

Burkhardt et al. [22] and Zhang et al. [24] reported the
appearance of such transitions in sodium Rydberg series.
It seems that the optical collisions are responsible for the
occurrence of these transitions.

The absolute term energies of all the excited states are
calculated by adding the laser excitation energy to the
energy of the relevant intermediate state. The quantum
defects associated with different energy states are calcu-
lated using the standard Rydberg formula

En = IP − Ry

(n − µ�)2
(1)

where Ry is the mass corrected Rydberg constant of
sodium 109734.698 cm−1, En (cm−1) is the energy corre-
sponding to the Rydberg levels, µ� is the quantum defect
and IP is the ionization potential to 41449.45 cm−1 [25]
for sodium. The nd 2D5/2,3/2 and ns 2S1/2 series are ob-
served up to n = 48 and n = 39 respectively. The Rydberg
series can be extended to a much higher principal quan-
tum number by improving the laser bandwidth and signal
to noise ratio. However, the main objectives of the present
work were to measure the oscillator strengths of the above-
mentioned Rydberg transitions rather than to extend the
series to higher n-values.

In the second part of our work, we have measured the
absolute photoionization cross section at the first ioniza-
tion threshold using the saturation technique as described
by Burkhardt et al. [21] who applied the two-step ioniza-
tion technique to measure the absolute cross section from
the excited states of sodium, potassium and barium. An
empirical relation was developed to determine the cross
section at the ionizing laser wavelength as;

Z =
Q

eVvol
= Nex

[
1 − exp

(
− σU

2�ωA

)]
(2)

where Z is the total number of ions collected per unit
volume, e (coulomb) is the electronic charge, Nex (cm−3)

Fig. 5. Energy level diagram showing the two-step excitation
and ionization paths employed to measure the photoionization
cross section at the first ionization threshold.

is the density of excited atoms, A (cm2) is the cross sec-
tional area of the ionizing laser beam, U (Joule) is the
total energy per ionizing laser pulse, �ω (Joule) is the en-
ergy per photon of the ionizing laser beam, Vvol (cm3) is
the laser interaction volume and σ (cm2) is the absolute
cross section for photoionization.

Subsequently, He et al. [26] reported the absolute pho-
toionization cross section of the 6s6p 1P1 excited state of
barium. Their method for determining the photoionization
cross section is an extension of the saturation technique
described by Burkhardt et al. [21] and accounting the ef-
fects for the Gaussian laser intensity distribution. Mende
et al. [27] modified equation (2) and determined the pho-
toionization cross section using the equation:

Z = N

∫
V

(
1 − exp

(
−1

2
σΦPh

))
dV. (3)

Here Z is the total charge per pulse, σ is the cross section
for the photoionization, ΦPh is the time-integrated num-
ber of photons spatially distributed over the area of the
ionizing laser pulse:

ΦPh =
E

hυ

1
π∆ρ2

exp

{
−

(
ρ

∆ρ

)2
}

(4)

here E is the total energy per laser pulse, hν is the photon
energy and ∆ρ is the half width of the distribution pro-
file. An expression similar to that of Burkhardt et al. [21]
was used by Xu et al. [28] to measure the photoionization
cross sections of the autoionizing states of lutetium and
by Saleem et al. [29] to measure the photoionization of the
2p states of lithium.

In the present experiment, we have determined the
photoionization cross section using equation (2) under the
best alignment conditions for the Gaussian laser inten-
sity distribution. In the first set of experiments, we have
measured the photoionization cross section from the 3p
excited state of sodium up to the first ionization thresh-
old. A schematic diagram of the pertinent transitions is
shown in Figure 5. From the 3s 2S1/2 ground state, the
sodium atoms can be promoted either to the 3p 2P1/2 or
to the 3p 2P3/2 state using the dye laser at 589.6 nm or
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589.0 nm respectively. As the first dye laser is pumped
by the second harmonic (532 nm) of the Nd:YAG laser
thus the laser light is linearly polarized in the z-direction.
Consequently, the accessible transitions follow ∆mj = 0
selection rules. The upper states possess mj = +1/2 and
−1/2. In the second step the atoms from either the 2P1/2

or 2P3/2 state are ionized by the second dye laser pumped
by the third harmonic (355 nm) of the same Nd:YAG laser
set either at 408.27 nm or 408.56 nm. The ionizing laser is
also linearly polarized but its direction of polarization is
horizontal with respect to the first step dye laser. Keeping
the intensity of the exciting laser fixed and varying the
intensity of the ionizing laser, using the neutral density
filters, we have registered the corresponding ion signals.
The excitation laser beam has a spot diameter ∼1.3 mm
and the area of the overlap region in the confocal limit is
calculated using the relation [3,30,31]:

A = πr2
0

[
1 +

[
λ


πr2
0

]2
]

(5)

here r0 = fλ/(πrs) is the beam waist, rs is the spot size of
the beam on the focusing lens and 
 is taken as the effective
length of the heating zone. The cross sectional area of the
ionizing lasers at 408.27 nm and 408.56 nm is calculated
as 0.0026(1) cm2 using the spot size of 0.02 cm at a focal
length of 50 cm. The intensity of the first dye laser beam
was kept fixed while the intensity of the ionizing laser
beam was varied by inserting neutral density filters (Ed-
mond Optics) on its optical path. The ionizing dye laser
energy was measured by an energy meter (R-752, Uni-
versal Radiometer) within ±5% variation. We have reg-
istered the signal intensities against the pulse energies of
the ionizing laser on a storage oscilloscope and stored on a
computer for further processing. Typical data for the pho-
toionization of the 3p 2P3/2 and 3p 2P1/2 levels are shown
in Figures 6a and 6b. The dots including 5% error bars rep-
resent the experimental data points. The solid line, which
passes through the data points, is a least square fit of
equation (2). It is evident from Figures 6a and 6b that
as the laser intensity increases; the ion signal increases up
to certain value and then the signal stops increasing any
further. At this point the photoionization from the first ex-
cited state reaches its maximum and saturation sets in. At
saturation, the photon flux of the ionizing laser equalizes
the population of the intermediate levels. The fitting of
the experimental data for the 3p 2P1/2 and 3p 2P3/2 level
yields the value of the photoionization cross section at the
first ionization threshold as 6.7(1.1) Mb and 7.9(1.3) Mb
respectively. The estimated uncertainty in the value of the
photoionization cross sections σ is ±17%, which is due to
the experimental errors in the measurements of the laser
energy, diameter of the laser beam and calibration of the
detection system.

The photoionization cross sections of sodium at the
first ionization threshold have been measured by a num-
ber of groups ([17] and reference therein). Rothe [32] re-
ported the cross section of the 3p levels as 7.63(90) Mb
whereas, Aymar et al. [33] calculated its value as 7.38 Mb.

(a)

(b)

Fig. 6. The photoionization signals plotted against the ioniza-
tion laser energy (a) from the 3p 2P3/2 (b) from the 3p 2P1/2

states. The solid line is the least square fit of equation (2) to
the observed data for extracting the values of cross section σ
(Mb) at the first ionization threshold.

Preses et al. [34] used the two-step excitation scheme to
determine the photoionization cross section from the 3p
2P3/2 state of Na up to the first ionization threshold, with
the help of two antiparallel, interpenetrating pulsed laser
beams pumped by the frequency doubled (532 nm) and
tripled (355 nm) outputs of a Nd:YAG laser. They de-
termined the value of the cross section as 8.5 Mb with
an estimated uncertainty of about 25%. Petrov et al. [35]
theoretically calculated the photoionization cross section
of the 3p 2P3/2 state about ≈8 Mb. Wippel et al. [36], us-
ing the trapping-technique, trapped a fraction of Na atoms
in the 3p 2P3/2 excited state and then ionized them with a
laser adjusted at ∼407.8 nm. They determined the value
of the cross section at threshold as 6.9(1) Mb. Miculis
and Meyer [14] calculated the photoionization cross sec-
tion from 3p 2P3/2 at and above threshold and our exper-
imental value is in excellent agreement to their calculated
value.

Measurements of the optical oscillator strength of elec-
tronic transitions have great significance in areas such as
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Table 1. Optical oscillator strengths corresponding to the nd 2D5/2,3/2 transitions excited from the 3p 2P3/2 and 3p 2P1/2

intermediate states of sodium.

Quantum number 3p 2P3/2 → nd 2D5/2,3/2 3p 2P1/2 → nd 2D3/2

Wavelength (nm) Oscillator strengths Wavelength (nm) Oscillator strengths

13 419.59 2.63 ×10−4 419.30 2.48 ×10−4

14 418.02 2.44 ×10−4 417.73 2.23 ×10−4

15 416.76 2.26 ×10−4 416.47 2.12 ×10−4

16 415.74 2.05 ×10−4 415.45 1.70 ×10−4

17 414.89 1.67 ×10−4 414.60 1.58 ×10−4

18 414.19 1.39 ×10−4 413.90 1.17 ×10−4

19 413.59 1.18 ×10−4 413.30 1.17 ×10−4

20 413.08 9.33 ×10−5 412.79 8.53 ×10−5

21 412.65 8.12 ×10−5 412.36 9.45 ×10−5

22 412.27 8.37 ×10−5 411.98 7.83 ×10−5

23 411.94 7.97 ×10−5 411.65 6.00 ×10−5

24 411.66 5.64 ×10−5 411.37 6.75 ×10−5

25 411.40 6.29 ×10−5 411.11 6.54 ×10−5

26 411.18 5.25 ×10−5 410.88 4.47 ×10−5

27 410.97 4.23 ×10−5 410.68 5.34 ×10−5

28 410.79 4.54 ×10−5 410.51 4.68 ×10−5

29 410.63 4.65 ×10−5 410.35 5.04 ×10−5

30 410.49 3.47 ×10−5 410.21 3.50 ×10−5

31 410.36 3.89 ×10−5 410.07 2.25 ×10−5

32 410.24 3.02 ×10−5 409.95 3.30 ×10−5

33 410.13 2.96 ×10−5 409.84 2.32 ×10−5

34 410.04 2.87 ×10−5 409.74 3.21 ×10−5

35 409.94 2.58 ×10−5 409.66 2.53 ×10−5

36 409.86 2.10 ×10−5 409.57 1.55 ×10−5

37 409.78 2.21 ×10−5 409.50 2.21 ×10−5

38 409.72 1.56 ×10−5 409.43 2.18 ×10−5

39 409.65 1.57 ×10−5 409.36 2.31 ×10−5

40 409.59 1.15 ×10−5 409.31 1.22 ×10−5

41 409.53 1.29 ×10−5 409.25 1.11 ×10−5

42 409.48 1.78 ×10−5 409.20 1.52 ×10−5

43 409.43 9.02 ×10−6 409.15 9.36 ×10−6

44 409.39 7.02 ×10−6 409.11 1.02 ×10−5

45 409.35 1.24 ×10−5 409.06 6.54 ×10−6

46 409.31 5.95 ×10−6 409.02 7.65 ×10−6

47 409.28 7.57 ×10−6 408.99 6.37 ×10−6

48 409.25 4.24 ×10−6 408.95 7.48 ×10−6

49 408.92 8.87 ×10−6

50 408.90 6.20 ×10−6

radiation physics, plasma physics and astrophysics. The
oscillator strengths of discrete states provide a sensitive
test for atomic structure calculation. This information is
very useful for developing the theoretical models involving
electronic transitions induced by the energetic radiation.
Mende and Kock [37] developed an experimental tech-
nique to determine the absolute oscillator strength of the
Rydberg transitions for medium to high principal quan-
tum numbers. Absolute value of the photoionization cross
section measured at the ionization threshold was used to
calibrate the f -values of the Rydberg transitions. A sim-
ple relation was obtained [37] between the f -values of the
Rydberg transitions and the photoionization cross section
measured at a particular frequency as:

f�n = 3.77 × 105 S�n

S1+

ν�n

ν1+
σ (6)

where f�n is the oscillator strength of a Rydberg transi-
tion, which is directly proportional to the photoionization
cross section σ measured at the ionization threshold fre-
quency υ1+. The quantity S1+ is the ion signal at the
ionization threshold and S�n is the integrated ion signal
intensity for the nth Rydberg transition. The total line
absorption S�n is obtained by integration as described by
Mende and Kock [37]. It is equal to the peak-values time
half width i.e. S�n = Signal Intensity× c ∆k, where “c” is
speed of light and k is in wave number (cm−1). We have
determined the oscillator strengths of the nd Rydberg
transitions of sodium by employing equation (6). The f -
values of the 3s2S1/2 → 3p 2P3/2 → nd 2D5/2,3/2 Rydberg
transitions (two-step excitation) are calibrated with the
photoionization cross section 7.9 (1.3) Mb measured at
the first ionization threshold from the 3p 2P3/2 state
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(see above). Similarly we have determined the f -values
of the 3s2S1/2 → 3p 2P1/2 → nd 2D3/2 Rydberg tran-
sitions by calibration with the photoionization cross sec-
tion 6.7(1.1) Mb measured at the first ionization thresh-
old from the 3p 2P1/2 state. The numerical data are
presented in Table 1. In the first and second columns
the wavelengths and the oscillator strengths correspond-
ing to 3p 2P3/2 → nd 2D5/2,3/2 transitions are given while
in the third and fourth columns, the wavelengths and
the oscillator strengths corresponding to 3p 2P1/2 → nd
2D3/2transitions are listed respectively.

In Figures 7a and 7b, the f -values of the Rydberg tran-
sitions are plotted against their effective quantum num-
bers in a double logarithmic scale. The experimental data
points are fitted to an expression: fn = K/(n∗)α which
yields the values of α as 2.88 for the 3p 2P3/2 → nd
2D5/2,3/2 series and 2.44 for the 3p 2P1/2 → nd 2D3/2

series. The f -values for an unperturbed Rydberg series,
that follows the n−3 scaling law [20], are also plotted. The
energy positions of the nd 2D5/2,3/2 Rydberg states are
well documented but the data on the f -values of the tran-
sition lines are available only for the lower members of
the series [19]. Gallagher et al. [38] measured the radia-
tive lifetimes of the ns (7 � n � 13) and nd (5 � n � 13)
Rydberg series using two-step excitation via 3p 2P3/2 in-
termediate state. Subsequently, Spencer et al. [39] mea-
sured the lifetimes of sodium s and d levels in the range
17 < n < 28 in cooled environment and taking into ac-
count the life time shortening due to the blackbody ra-
diation as reported earlier by Gallagher and Cooke [40]
and Cooke and Gallagher [41]. For the lower n-values
(5 � n � 13), the life-time data for the 3p 2P3/2 − nd
transitions by Gallagher et al. [38] and for the higher n-
values for (17 < n < 28) the data of Spencer et al. [39]
follow (n∗)3 scaling law. The life times of the sodium nd
states were represented by a relation [2]: τ = τ0(n∗)α with
the values of τ0 = 0.96 (ns) and α = 2.99.

A plot of our results on the f -values along with that
of the data of recent theoretical results of Miculis and
Meyer [14] is shown in Figure 8. In this paper the transi-
tion probabilities of 3p 2P3/2 → nd 2D3/2 Rydberg tran-
sitions of sodium were reported and it was inferred that
the values for the 3p 2P3/2 → nd 2D5/2 transitions can
be calculated by multiplying it with six. We have calcu-
lated the f -values from the listed Einstein coefficients by
Miculis and Meyer [14] using the following relation [19]:

f = 1.599× 10−16λ2(gk/gi)Aki. (7)

Since in our experiment the nd 2D3/2 and nd 2D5/2 com-
ponents have not been resolved therefore we have taken
an average value of both the components from [14] and
compared with our experimental data. Our data at the
lower n-values slightly deviate from that of Miculis and
Meyer [14]. It is to be remarked that the technique for the
measurement of oscillator strengths of the Rydberg transi-
tions applied in the present work and described by Mende
et al. [37] is applicable from medium to high principal
quantum numbers. This is because of the collisional ion-
ization probability which approaches unity for the highly

(a)

(b)

Fig. 7. (a, b) A plot of the oscillator strengths of the nd
2D5/2,3/2 Rydberg transitions versus the effective quantum
number n∗. The solid line that passes through the experimen-
tal data points, indicating that the f -values of 3p 2P3/2 → nd
2D5/2,3/2 Rydberg transitions decreases as (n∗)−2.88 while in
case of 3p 2P1/2 → nd 2D3/2 transitions; it decreases as
(n∗)−2.44.

Fig. 8. A plot of the f -values corresponding to the 3p 2P3/2 →
nd 2D5/2,3/2 transitions versus the effective quantum number
(n∗) along with the previous work of Miculis and Meyer [14].
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excited Rydberg states. The deviation in the measured
values around n = 13 is attributed to the limitation of the
technique. A similar behavior of deviations at the lower
members of the Rydberg series has been observed in the
spectra of lithium, potassium and strontium.

In conclusion, we have measured the photoionization
cross section from the 3p 2P3/2 and 3p 2P1/2 intermediate
states at the first ionization threshold as 7.9(1.3) Mb and
6.7(1.1) Mb respectively. The cross section from the 3p
2P1/2 at the first ionization threshold is reported for the
first time. The f -values of the Rydberg transitions have
been determined up to higher n-values, for the first time,
that are compared with the earlier data. The uncertainty
in the measured f -values does not exceed 20%. There is
a further room for improvements in this method, partic-
ularly in the measurement of spatial distribution of laser
photon flux and a precise value of the interaction region.
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