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Abstract. The photoionization cross-section and number density of the 3p 2P, /2,3/2 excited levels of sodium
have been measured as a function of the laser energy using two-step laser excitation in conjunction with a
thermionic diode working in the space charge limited mode. Employing the saturation technique, the cross-
sections for the 3p*P /5 and 3p*Pj/, levels are determined as 2.16 (43) Mb and 3.74 (74) Mb respectively.

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 photoionization cross-sections of atoms from the
ground state are well-known for many atoms [1,2] but
comparatively little information is available about the
cross-sections from the excited states. Laser spectroscopic
techniques have augmented studies of multi-step and
multi-photon photoionization processes. The higher in-
tensity, narrow bandwidth and tunable radiation of dye
lasers play a vital role for the selective excitation of any
atomic level, and subsequent photoionization from a given
excited state to measure the cross-section of the perti-
nent state. Rothe et al. [3,4] pioneered the photoion-
ization cross-section for the excited states of Na and Li
based on studies of the radiative electron-ion recombina-
tion and shock-heated plasma. Ambartzumian et al. [5]
pioneered the work on the measurement of the photoion-
ization cross-section using the saturation technique and
measured the photoionization cross-section of the 6p 2P, /2
and 2P /2 levels of rubidium. This technique was extended
by Heinzmann et al. [6] to measure the photoionization
cross-section of the 7p?P; /2 and 2p, /2 levels of cesium.
Duong et al. [7] discussed the importance of atomic align-
ment and the light polarization and measured the relative
cross-section of the sodium 3p level. Subsequently, Smith
et al. [8] measured the absolute cross-section for the pho-
toionization of the 4d and 5s excited states of sodium us-
ing 1.064 pm laser radiation. Effects of polarization in
the measurement of the cross-section were also investi-
gated. Garver et al. [9] reported the atomic densities of
the 3p2P1/273/2 levels of sodium by using the radiation-
trapping technique. They also measured the apparent life
times of the 3p2P1/2 and 2P3/2 levels as a function of
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atomic density. Preses et al. [10] reported the photoion-
ization of the 3p excited state of sodium using a laser
to populate the initial state and broad band synchrotron
radiation for the ionizing process. Saha et al. [11] cal-
culated the photoionization cross-section for the 4d ex-
cited state of sodium employing the multi-configuration
Hartree-Fock method. Their results are in good agreement
with the experimental results of Smith et al. [8], which
were performed at single photon ionization. Burkhardt
et al. [12] simultaneously determined the magnitude of
the photoionization cross-section and the atomic density
for the 3p2Pg /2 level of sodium. They used one laser beam
to excite the atoms to the resonance level and a second
laser beam for the ionization. The ionizing laser beam
was focused to a diameter much smaller than that of the
exciting laser by a lens. Beterov and Ryabtsev [13] re-
ported the single and two-photon ionization of the 4s-
level of sodium. The experimental two-photon ionization
cross-section of the 4s level at 1064 nm was obtained as
0P = 5.6 £ 2.9 x 10747 cm?* s. The theoretical cross-
section for the 4s state was also calculated within the
framework of the three level model. Beterov et al. [14]
reported the photoionization of the excited sodium atoms
of the 4d state in the field of a train of ultra short pulses
of a Nd:YAG laser. Kupliauskiene [15] calculated the sin-
gle and shake up photoionization cross-section of sodium
atom in the ground and first excited states using the
relaxed-orbital MCH approach. Petrov et al. [16] reported
the partial and total photoionization of the excited al-
kali atoms (Na, K, Rb and Cs) using configuration inter-
action technique with Pauli-Fock orbitals (CIPF). They
also discussed the effect of the polarization of the atomic
core with the valence electron. The relative photoion-
ization cross-section of potassium (4p2P3/2) over the
photoelectron energy range 0-0.22 eV for parallel and
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perpendicular linear polarizations of the two laser beams
was also reported. Petrov et al. [16] also reported
the absolute values of the cross-section determined at
three selected photoelectron energies. Vsevolodskii and
Chernenko [17] reported the photoionization cross-section
of the excited sodium atoms of the 4d state in the field of
nanoseconds pulses of a Nd:YAG laser.

Magneto optical trap (MOT) has also been successfully
used for measuring the absolute photoionization cross-
sections of excited alkali atoms. This technique was first
introduced by Dinneen et al. [18], who pioneered the MOT
loaded by an atomic beam to measure the photoioniza-
tion cross-section of the 5p 2P /2 level in atomic rubid-
ium. Subsequently, similar technique was used to measure
the photoionization cross-sections for rubidium [19], ce-
sium [20,22] and for sodium and lithium [25]. Marago
et al. [20] reported the absolute photoionization cross-
section of laser-cooled cesium atoms in the first excited
state 6p2P3 /2 at various wavelengths while Patterson
et al. [22] reported the absolute photoionization cross-
section of the same level (Cs 6p?Pj3/2) by monitoring the
decay of trap fluorescence during exposure to the ionizing
laser radiation. Gabbanini et al. [21] reported the relative
measurements of the partial photoionization cross-sections
of the trapped rubidium atoms. Arimondo et al. [24] also
reported careful experiments on the laser-cooled alkali
atoms by irradiating Rb and Cs MOT’s with a photoion-
izing laser beam. They analyzed the loading behaviour of
the traps to determine the photoionization cross-section
of the excited states of these elements based on a trap
load/loss model. Fuso et al. [23] reported the photoioniza-
tion experiments on the laser cooled Cs and Rb atoms and
discussed the role of processes like ion diffusion and recom-
bination, determination of the time evolution and the rate
of the produced atomic ions. Wippel et al. [25] reported
the photoionization cross-section of the first excited states
of sodium and lithium at different ionizing lasers using
magneto-optical trap. The fraction of trapped atoms in
the first excited state was ionized using the UV-laser ra-
diation. With the help of the loading curve they evaluated
the photoionization cross-sections of sodium at eight
different wavelengths between 334 to 408 nm.

The present paper describes measurement of the pho-
tolonization cross-sections of the 3p 2P, /2 and 2P, /2 lev-
els of sodium and the determination of the number den-
sity by using the saturation technique. Our results for the
photoionization cross-section and the number density for
the 3p2P; /2 level are in good agreement with the known
values, whereas the corresponding photoionization cross-
section for the 3p 2P, /2 level is reported for the first time.

2 Experimental set-up

The experimental arrangement to study the photoioniza-
tion from the first excited states of sodium is similar as
described in our earlier work [26] and is shown in Figure 1.
We have used a Nd:YAG laser system (Spectra, GCR-11),
operated in the Q-Switched mode, for pumping a locally
made Hanna type [27] dye laser. Sodium vapor was pro-
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Fig. 1. A schematic diagram of the experimental set-up. A
linearly polarized laser beam is used to populate the 3p 2P, /2
and Py 5 levels. The THG (355 nm) of a Nd:YAG laser is used

as an ionizing laser.

duced in a thermionic diode composed of a stainless steel
tube 48 cm long, 3 cm in diameter and 1 mm wall thick-
ness. About 20 cm of the central part of the tube was
heated by a clamp-shell oven operating at a temperature
640 K that corresponds to about =0.2 Torr vapor pres-
sure 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 it was maintained with in
+1% by a temperature controller. A 0.2 mm thick tung-
sten 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 ground state to the 3p2P; /2 level lying
at 589.6 nm in the first experiment and to the 3p 2P3/2
level lying at 589.0 nm in the second experiment. The dye
laser pulse energy was ~1 mJ, band width <0.3 cm™!
and beam spot diameter ~2 mm. The energy of the first
(exciting) laser was adjusted such that the excitation sig-
nal from the 3p level can easily be saturated. The THG
(355 nm) of the same Nd:YAG laser was used as an ioniz-
ing laser beam. The laser beam was focused to a diameter,
much smaller than that of the exciting laser beam, by a
long focal length lens. The diameter of the ionizing laser
was 230-280 pym and its energy was measured by an en-
ergy meter. Both, exciting and ionizing laser beams were
temporally overlapped. The intensity of the ionizing laser
was varied using neutral density filters (Edmund). The ion
signal was taken across a 10 k{2 resistor through a 0.01 pF
blocking capacitor and was registered on a 100 MHz stor-
age oscilloscope.

3 Results and discussions

The probability of a transition occurring from one state
to another is directly proportional to the population of
the state from which the transition takes place. When
the lower state is more populated than the upper state,
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the upward transitions predominate and absorption of en-
ergy occurs from the radiation beam. When the popula-
tions of both the levels become comparable, the upward
and downward transitions reach equilibrium, and no fur-
ther absorption takes place. At this moment the system is
termed in the saturation state (Letokhov [28] and refer-
ences therein). In the multi-step excitation/ionization pro-
cess, atoms are excited to an intermediate level by the ex-
citing laser and photoionization from that level is achieved
by the second (ionizing) laser. The multi-step photoion-
ization depends upon the flux of the ionizing laser pulse,
which enables absolute measurement of the photoioniza-
tion cross-section. Burkhardt et al. [12] applied the two-
step ionization technique for the measurement of the ab-
solute cross-section from the excited states and the atomic
density for Na (3p2P3/5), K (4p*P3/5) and Ba (6s6p 'P1).
These experiments were performed at a higher laser inten-
sity of the excitation laser than required to saturate the
resonance transition. Under such condition, the Rabi fre-
quency is high enough that the spontaneous emission can
be ignored during the 10 ns laser pulse. The total charge
per pulse is represented by the relation:

Q = eNoVyor |:1 — eXp <_ 2;514)] (1)

where e (coulomb) is the electronic charge, Ny (cm™3) is
the density of the excited atoms, A (cm?) is the cross-
sectional area of the ionizing laser beam, U (Joule) is the
total energy per ionizing laser pulse, fuww (Joule) is the
energy per photon of the ionizing laser beam, V,,; (cm?®)
is the laser interaction volume and o (cm?) is the absolute
cross-section for photoionization.

The number of ions per unit volume can be determined
from the relation: 0

= . 2
eViol ( )
However, substituting the value of @) in this equation gives
the following expression:

N =Ny {1—exp (_%)} (3)

All the quantities in equation (3) are either known or mea-
sured except Ny and o, which can be determined by a least
squares fit of the experimentally observed data.

From the ion signal the number of ions yield is calcu-
lated using the following relation:

Q I(mA) x t(s)
eVior  e(coulomb) x Vo (cm3)

N =

V(volts) x t(s)
N = 4
o R(ohms) x e(coulombs) x V;0;(cm?) )

where V' is the signal height in volts, ¢ is the temporal
width in seconds at the optimum value of the signal, R
is the input impedance of the detection system, e is the
electronic charge and V,,,; is the laser interaction volume.

He et al. [29] reported the absolute photoionization
cross-section of the 6s6p 'P; excited state of barium. Their
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Fig. 2. Energy level diagram showing the two-step excitation
and ionization paths.

method for determining the photoionization cross-section
is an extension of the saturation technique described by
Burkhardt et al. [12]. They obtained their results by ac-
counting the effects for the Gaussian laser intensity dis-
tribution. Mende et al. [30] acquired the photoionization
cross-section by modifying equation (1) and presented

Z = /VNO (l—exp (—%Ul"'g (p)¢)) dv.  (5)

Here Z is the total charge per pulse, Ny is the number
density of the excited level, o'* is the cross-section for
photoionization, ¢ is the time-integrated number of pho-
tons of the ionizing laser pulse and g (p) is the spatial dis-
tribution of the laser pulse. For a Gaussian laser intensity
distribution this function is represented as:

90) = g e { (Aip)} (6)

where Ap is the half width of the distribution profile.

In the present experiment we acquired the photoion-
ization cross-section by using equation (5) under the best
alignment conditions for the Gaussian laser intensity dis-
tribution. The measurement of the atomic density using
the saturation technique depends on the interaction vol-
ume, which is defined by the volume of the laser beams
in the ion collection region. The interaction volume de-
pends on the optical properties of the focusing lens and
the geometry of the apparatus. In the present experiment,
the ionizing laser beam at 355 nm was focused by a long
focal length lens. By the combination of iris aperture and
focusing lens we managed to achieve nearly uniform laser
beam intensity.

A schematic energy level diagram of sodium along with
the relevant excitation paths is shown in Figure 2. From
the 35281/2 ground state, the sodium atoms can be pro-
moted either to 3p 2P1/2 or 3p 2P3/2 level using the dye
laser at 589.6 nm or 589.0 nm respectively. As the first
dye laser is pumped by the second harmonic (532 nm) of a
Nd:YAG laser therefore the laser light is linearly polarized
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Fig. 3. The photoionization data for the (a) Na (3p°Pj3/) and
the (b) Na (3p2P;,2) levels. The solid line shown is the least
square fit of equation (5) to the observed data for extracting
the values of cross-section ¢ (Mb) and number density (cm™?)
for the resonance lines of sodium.

in the z-direction. Consequently, the assessable transition
will follow Am; = 0 selection rules. The upper states will
possess m; = +1/2 and —1/2. In the second step the atoms
from either the Py /5 or P35 level are ionized by the third
harmonic (355 nm) of the Nd:YAG laser. The ionizing
laser is also linearly polarized but its direction is horizontal
with respect to the first step dye laser. The major contri-
bution in the ionization comes from es 281/2 and 5d2D3/2
channels based on polarization. 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 ion signals. Typical data for the photoion-
ization of the 3p2P1/2 and 3p2P3/2 levels are shown in
Figures 3a and 3b. The circles including 5% error bars rep-
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Fig. 4. A graph showing the comparison of the calculated data
for the Na (3p®P;2) and (3p°P3/2) levels using the extracted
values of the cross-sections and number densities.

resent the experimental data points. The solid line, which
passes through the data points, is a least squares fit using
equation (5). It is evident from Figures 3a and 3b that as
the laser intensity increases; the ion signal increases up to
certain value and then the signal stops increasing further.
At this point the photoionization from the first excited
state reaches its maximum and saturation sets in. At sat-
uration ionization the photon flux of the ionizing laser
equalizes the population of the intermediates levels. The
fitting of the experimental data for the 3p ?P3 /2 level yields
the number density N (*Pj3/5) = 6.07 (12) x 10'* cm ™ and
the cross-section o = 3.74 (74) Mb. The estimated uncer-
tainty in the value of the photoionization cross-sections o
is & 20%, 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. This value
of cross-section is in good agreement with that reported
by Burkhardt et al. [12] as 3.7(7) Mb. The photoioniza-
tion cross-section extracted in the present work and that
of Burkhardt et al. [12] were achieved using an 355 nm
ionizing laser.

We extended our studies to the determination of the
photoionization cross-section and number density for the
3p 2P, s2 level. The data presented in Figure 3b yields
o =2.16 (43) Mb and N(*Py ) = 7.24 (14) x10"* cm™3
respectively. Since the aforementioned sub-level is ex-
plored for the first time therefore, a comparison of the
photoionization cross-section is not possible. Rothe [3] re-
ported the photoionization cross-section of the 3p levels
as 7.63(90) Mb whereas, the calculated values of cross-
section are 7.38 Mb Aymar et al. ([31] references are there
in for other alkali metals) and 8.5 Mb Preses et al. [10].

The threshold laser energy FE;;, at which the satura-
tion just sets in can be measured from the plots of the
ionization signal against the ionizing laser energies (see
Figs. 3 and 4). The measured values are 1.37 mJ and
0.9 mJ for the 3p2P1/2 and 3p 2P3/2 levels respectively.
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Table 1. Photoionization cross-sections of the resonance levels of alkali atoms.
Atom Saturation method MOT method
level — wavelength cross-section (Mb) level  wavelength cross-section (Mb)
(nm) [Reference] (nm) [Reference]
Cs  Tp°Pi)s 459.3 6.2+ 0.5 [6] 6p°P3/o 496.5 18.6 4+ 1.5 [22]
p%Pys 455.5 8.8+ 1.6 [6] ap(Mb) op(Mb)
from loss-rate data data for number of atoms
6p2P3/2 497 17.2 £ 1.6 [20] 19.2 +£ 1.7 [20]
501 16.1+1.6 [24] 18.6 £ 1.8 [24]
497 17.2 £ 1.7 [24] 19.2 +£1.9 [24]
488 16.9 + 1.7 [24] 15.8 + 1.6[24]
458 14.0 1.4 [24] 14.1+1.4 [24]
422 115 +1.1 [24] 8.240.8 [24]
Rb  6p°Py)s 694.3 15 +4 [5] 5p°P3/2 413 13.6 £ 1.2 [18]
6p>P3/2 694.3 17+ 4 [5] 5p°P3/2 407 12.5 4 1.1 [18]
6p°Ps;y 3471 19+ 5 [5] 5p°Ps, 4765 14.8 +2.2 [19]
USp,cd(Mb) O'5p,cs(Mb)
5p°Ps2 476 12.6 £2.5 [21] 22+04 21]
K 4p°P3 355 7.6 +£1.1[12] 4p°P3/o — —
351 7.0+1 [16]
Na 3p°Ps)s 355 37407 [12] 351 1.2+0.2 [25]
364 3.7+0.7 [25]
3p°P1/2 355 2.16 4 0.47 3p°P3/2 399.5 8.4 4+ 1.3 [25]
[present work]
401.5 7.14 1.1 [25]
3p*Pso 355 3.74 + 0.7 404 9.1 4 1.4[25)
[present work]
407.8 6.9 + 0.7 [25]
"Li 2p 350 19.7 £ 3 [4] 2p 334.47 16.2 4+ 2.5 [25]
335.85 18.3 £ 2.8 [25]

Burkhardt et al. [12] used an atomic beam of sodium that
was crossed by the exciting and ionizing laser beams, re-
sulting in a small interaction volume. Whereas, we have
used a thermionic diode ion detector in which both the
exciting and ionizing laser beams were spatially over-
lapped resulting a larger interaction volume. Mende and
Kock [33,34] used an identical experimental set-up to
measure the photoionization cross-section and oscillator
strengths of the Rydberg series in strontium and bar-
ium. Kallenbach et al. [35] also used the thermionic diode
for the measurement of photoionization cross-section of
barium.

The measurements of atomic densities of the
ground and excited states of sodium are well docu-
mented [9,12,32]. The reported values lie in the range
10° to 10* em™3. A plausible reason for such variation
might be the difference in the interaction volume due to
the geometry of the apparatus and the collisional ioniza-
tion rates. In our case the number density of the 3p?Pj /2
level is slightly lower than that of the 3p 2P, /2 level. This
difference in the number densities may be attributed to
the apparent difference in the lifetime of these levels. Al-
though the natural lifetimes of the 2P1/2 and 2P3/2 are
nearly the same ~16 ns [36], but the apparent lifetime of
each line is different due to their different absorption coef-

ficients [9] that are known as 5x 10! cm? and 10x 10! cm?
respectively [37].

In Table 1, we present values of absolute photoion-
ization cross-sections of the excited levels of alkali atoms
measured using the saturation and the MOT methods by
different groups. Some selected values of the photoioniza-
tion cross-section acquired by the MOT technique are also
tabulated. From the data we can merely make any compar-
ison between the two techniques because the levels studied
for the Cs and Rb atoms are different. Nevertheless, for
Na and Li the same excited levels were acquired em-
ploying different ionizing laser. It would be interesting to
acquire the photoionization cross-sections of the excited
alkali atoms at the same ionizing laser using these two
techniques and to have a meaningful comparison. It is ev-
ident that the photoionization cross-section by using sat-
uration technique is higher for 2P3/2 than 2P1/2 in Rb, Cs
and Na (present work). The photoionization cross-section
of 2P, /2 of these elements so far has been not reported by
using the MOT technique. The polarization effects could
influence the results for the photoionization cross-section.
The linearly polarized laser induces an alignment in the
electron cloud of the intermediate level which influences
the cross-section for the ionizing step in a way which de-
pends on the angle between the electric vectors of the
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two lasers and on the ratio of the relevant electric dipole
matrix. Petrov et al. [16] also predicted that for paral-
lel linearly polarized light the cross-section for Na(?Ps /2)
level is expected to be higher than that for Na(*P; 52 ). It
will be interesting to extend these studies to lithium and
potassium. In particular, the photoionization cross-section
for the 4p 2P3 /»in potassium is reported as 7.6 Mb [12] but
to our knowledge it is still unknown for the 4p 2P, /2 level.
We are planning to undertake this work in the near future.
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