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We present new measurements of photoionization cross sections from the 4s 2S, 4p 2P, and 4d 2D excited
states of lithium, above the first ionization threshold. The experiments have been conducted using two dye
lasers pumped by a Nd:yttrium aluminum garnet �YAG� laser in conjunction with a thermionic diode ion
detector and pump-probe saturation technique. The behavior of the photoionization cross sections from n=4
and l=0,1 ,2 excited states have been investigated. A smooth wavelength dependence of photoionization cross
sections has been observed for the 4p and 4d excited states, which decrease monotonically with the decrease
in the ionizing laser wavelength; however, the falloff for the 4d excited state is purely hydrogenic. The cross
section for the 4s excited state first increases, attains a maximum value, and then decreases monotonically with
a decrease in the ionizing wavelength—strictly nonhydrogenic. The measured values of the cross section are
compared with the earlier theoretical work.
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I. INTRODUCTION

Lithium is the simplest element after hydrogen and he-
lium, and the description of its valence electron is particu-
larly simple as the electron moves in the coulomb field of the
nuclear charge shielded by the two closed K shell electrons.
The electron correlation effects can also be neglected and the
main modification to the asymptotic coulomb potential is
produced by the core polarization. Therefore, it is an impor-
tant atom to study photon-atom interaction and in particular
the photoionization processes. Photoionization is the sim-
plest process providing detailed information on the atomic
and molecular structure. The photoionization from the
ground state of many atoms has been studied extensively
�1,2� but comparatively less is known about the photoioniza-
tion of the excited states, although it is of great importance in
the controlled thermonuclear and in the extremely hot stellar
atmosphere research.

Apart from a few early attempts �3,4�, the knowledge of
the photoionization cross sections of the excited states of
lithium, especially of the energy-dependent cross section, has
progressed only by theoretical efforts. Aymar et al. �5� com-
puted the photoionization cross section for the s, p, and d
Rydberg states of Li in the framework of a single-electron
model by using a parametric central potential and compared
their results with other theoretical work �6–8�. Barrientos
and Martin �9� applied the quantum defect orbital method to
compute the oscillator strength and photoionization cross
sections of lithium. Lahiri and Manson �10� calculated the
radiative-recombination rate coefficients for the electrons im-
pinging on Li+, along with the associated excited-state photo-
ionization cross sections in the low-energy region. A brief
review of the theory and the relationship between the photo-
ionization and the recombination was also presented. Chung
�11� calculated the 2S and 2D photoionization cross section
of lithium from the 2p state for photon energies below the
Li+ 1s2s 1S ionization threshold.

Different experimental techniques have been used for the
measurements of the photoionization cross sections of the
excited states. Rothe �3� pioneered the studies on the photo-
ionization of the excited states of lithium based on the radia-
tive electron-ion recombination and shock-heated plasma
and determined the photoionization cross section for the 2p
excited state at threshold as 19.7 Mb. Kramer et al. �12�
studied the resonant three-photon ionization process of
lithium and measured the photoionization cross section at
610.4 nm using the saturation technique. Wippel et al. �13�
used the magneto-optical trap to determine the photoioniza-
tion cross sections of the excited states of sodium and
lithium �7Li and 6Li� at different ionizing laser wavelengths.
They reported the cross section of the 2p excited state of
lithium at 334.47 nm and 335.85 nm above the first ioniza-
tion threshold. Recently, Saleem et al. �14� proposed an al-
ternate technique for the measurement of the photoionization
cross sections of the excited states of the isotopic atoms.

In this work, we present an experimental determination of
the photoionization cross sections from the 4s 2S, 4p 2P, and
4d 2D excited states of lithium. Four different regions of the
continuum, above the first ionization threshold, have been
investigated corresponding to each of the three excited states.
The photoionization cross sections have been determined at
the ionizing wavelengths of 1064 nm, 690 nm, 532 nm, and
317 nm. The energy-dependent behavior of the photoioniza-
tion cross is also discussed.

II. EXPERIMENTAL SETUP

A schematic of the experimental arrangement for the mea-
surement of the photoionization cross section from the ex-
cited states of lithium is shown in Fig. 1. The laser system
comprised of a Q-switched pulsed Nd:yttrium aluminum gar-
net �YAG� laser �Brilliant B, Quantel� coupled with the
second-harmonic generation �SHG� module for producing la-
ser at 532 nm with the corresponding energy of 450 mJ. It
operates at 10 Hz with pulse duration of �5 ns. The 90% of
the laser energy at 532 nm was used to pump a commercial
dye laser system �Quantel, TDL-90�, while the remaining
10% was used to pump a homemade Hanna-type dye laser
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cavity �15�. The cavity was formed between a flat mirror and
a 2400 lines/mm holographic grating, and the wavelength
tuning was achieved by rotating the grating with a computer-
controlled stepper motor. The linewidth of the TDL-90 dye
laser was �0.1 cm−1 whereas that of Hanna type was
�0.3 cm−1. The dye laser wavelength was determined by a
spectrometer �Ocean Optics, HR2000� equipped with a
600 lines/mm grating. The intensity of the ionizing laser was
varied by inserting the neutral density filters �Edmund Op-
tics�, and on each insertion the energy was measured by an
energy meter �R-752, Universal Radiometer�.

The lithium vapors were produced in a thermionic diode
ion detector 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 placed in a clamp-shell oven.
Both ends of the tube were water-cooled and sealed with
25 mm diameter quartz windows. The thermionic diode was
then heated up to 800 K corresponding to a lithium vapor
pressure of 0.01 Torr. The temperature was monitored by a
Ni-Cr-Ni thermocouple and it was maintained within ±1%
by a temperature controller. A molybdenum wire 0.25 mm in
diameter stretched axially, heated by a separate regulated dc
power supply, served as a cathode for the ion detection.
About 2 g of spectroscopically pure lithium was placed at
the central heating zone of the tube. The tube was evacuated
up to 10−6 Torr and subsequently filled with argon gas at
about 0.2 Torr, which serves as a buffer gas and provides a
uniform column of the lithium vapors and also protects the
quartz windows from the metallic coatings. The ionization
signals were registered as a change in the voltage across a
load resister. The variation in the amplitude of the ionization

signal with the laser intensity was recorded using a 200 MHz
digital storage oscilloscope �TDS 2024� and a computer
through RS232 interface.

The homemade dye laser, pumped by the 532 nm,
charged with R-590 and flourescene 548 dyes dissolved in
methanol and tuned at 571.2 nm and 546.1 nm, was used to
populate respectively the 4s 2S and 4d 2D excited states via
two-photon excitation. The dye laser charged with
flourescene 548 dye, tuned at 548.4 nm and frequency
doubled with the beta-barium-borate �BBO� crystal, was
used to populate the 4p 2P excited level at 273.05 nm. The
excited atoms from the 4s, 4p, and 4d states were then pho-
toionized by the laser at 1064 nm �fundamental of Nd:YAG
laser�, 690 nm, 532 nm �second harmonic�, and 317 nm.
The wavelength at 690 was achieved by charging the
TDL-90 dye laser with �2-�4-�4-�dimethylamino�phenyl�-
1,3-butadienyl�-1-ethylpyridinium monoperchlorate �LDS-
698� dissolved in methanol. For the 317 nm wave-
length, the TDL-90 dye laser was charged with �2-
�2-�4-�dimethylamino�phenyl�ethenyl�-6-methyl-4H-pyran-
4-ylidene�-propanedinitrile �DCM� dissolved in methanol
and then frequency doubled by the BBO crystal. Both the
laser pulses were linearly polarized with parallel polarization
axis. The two laser beams �the exciter and the ionizer�, en-
tering the thermionic diode from the opposite sides, overlap
at its center. The relative delay between the exciter and the
ionizer laser pulses was controlled and varied by an optical
delay line. The temporal overlap of both the laser pulses was
checked using a fast PIN photodiode �BPX 65�.

III. RESULTS AND DISCUSSION

The two-step excitation/ionization scheme for the mea-
surement of the photoionization cross sections of the excited
states of lithium is shown in Fig. 2. In the first step, the
lithium atoms were optically excited from the ground state to
the 4s 2S, 4p 2P, and 4d 2D excited states. In the second step,
the excited electrons were promoted to the Li+ 1s2 1S con-
tinuum by four different laser pulses at 1064 nm, 690 nm,
532 nm, and 317 nm. The ionizing lasers, having different
wavelengths, produce electrons of different kinetic energies,
and four different regions of the continuum are investigated
corresponding to each of the three excited states. Since only
one continuum �Li+ 1s2 1S� can be reached with the laser
energies used, the number of electrons produced are equiva-
lent to the number of Li+ ions and hence the ionization signal
directly reflects the photoionization cross section.

The 4s 2S1/2 excited state of lithium has no fine structure
splitting due to the spin-orbit interaction and is populated via
two-photon excitation from the ground state. The 4p 2P1/2,3/2

excited states, at 36469.714 cm−1 and 36469.754 cm−1 �16�
are populated by absorbing a single photon at 273.05 nm
from the ground state of lithium. Since the laser line width
��0.3 cm−1� of our system is greater than the fine structure
splitting ��0.04 cm−1� in the 4p states, therefore both
the 4p 2P1/2 and 4p 2P3/2 states are populated. Hence we
were unable to determine the photoionization cross sec-
tions of 4p 2P1/2 and 4p 2P3/2 excited states separately. The
even parity 4d 2D3/2,5/2 states, at 36623.297 cm−1 and
36623.312 cm−1 respectively �16�, were populated via two-
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FIG. 1. �Color online� Schematic diagram of the experimental
setup for two-step photoionization of lithium.
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photon excitation process from the ground state. As the fine
structure splitting in the 4d states is 0.015 cm−1, it could not
be resolved in the present work. Therefore, both the 4d 2D3/2
and 4d 2D5/2 states are populated. Hence, in the present work
the measured value of the photoionization cross sections
from the 4d excited state at different ionizing laser wave-
lengths contains the contributions of both the 2D3/2 and 2D5/2
fine structure components.

The saturation technique pioneered by Ambartzumian
et al. �17� was used to determine the absolute photoioniza-
tion cross sections of the excited states of lithium. This tech-
nique has been widely used for the measurement of the
photoionization cross sections of the excited states of alkali
atoms, alkaline earths, and rare gas atoms �18–25�.
Burkhardt et al. �26� applied this technique to measure the
absolute cross section from the excited states of sodium, po-
tassium, and barium. He et al. �27� reported the absolute
photoionization cross section of the 6s6p 1P1 excited state of
barium using the same technique. Similar method has been
used by Xu et al. �28� to measure the absolute photoioniza-
tion cross sections of the autoionizing states of lutetium. We
have also used this technique for the measurement of the
photoionization cross section and the optical oscillator
strength of the autoionization resonances in neon using a
hollow cathode dc discharge �29�. Amin et al. �30,31� ap-
plied the saturation method to determine the photoionization
cross sections of excited states of sodium and lithium using a
thermionic diode ion detector. Recently, we have applied this

technique to measure the absolute photoionization cross sec-
tion from 3p 1,3P excited states of helium using a dc dis-
charge �32�.

As a result of two-step photoionization process, ions are
produced that are detected as a voltage across a load resistor.
The collected charge Q per pulse in terms of this voltage
signal is given as

Q = �Voltage signal

R
� � �t . �1�

Here R is the load resistance and �t is the full width at half
maximum pulse width of the photoion signal peak in sec-
onds.

In the absence of collisions and ignoring the spontaneous
emission, for a pure two-step photoionization process, the
rate equations have been solved to find a relation between
the total charge per pulse and the photoionization cross sec-
tion �26� as

Q = eN0Vvol	1 − exp�−
�U

2��A
�
 . �2�

Here e is the electronic charge, N0 is the density of the ex-
cited 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 � is the absolute cross
section for photoionization. This equation holds with the as-
sumption that the intensity of the ionizing laser is higher, i.e.,
in access to that required for saturating the resonance transi-
tion; also, the transition remains saturated during the laser
pulse and the laser beam is uniform and linearly polarized.

All quantities in Eq. �2� are either known or can be mea-
sured except the number density No and the cross section �.
These quantities can be determined by least-square fitting to
the plot of Q versus U. It is evident that as U→�,
Q→eNoV, i.e., the determination of No is independent of the
photoionization cross section. The cross section � is associ-
ated with the shape of the Q versus U plot. The accurate
value of No can only be extracted if the amplification of the
thermionic diode detector is known. The accurate measure-
ment of the photoionization cross section � depends upon the
accuracy with which the energy of the ionizing laser �U� and
the cross-sectional area �A� of the laser beam are measured.
The uncertainty in the energy determination is mostly owing
to the energy fluctuations in the Nd:YAG laser �±5% � and in
the energy measuring instrument �±3% �.

The thermionic diode is a very sensitive ion detector, hav-
ing an amplification factor of 104–106 or even larger and is
an excellent tool for the study of highly excited Rydberg
states of atoms and molecules �33�. The linearity of the de-
tector is very important while recording the experimental
data of the photoionization signals so that an actual change
of the photoions signal versus the energy density of the ion-
izer laser can be registered. We configured the linearity of
our detector for the strongest photoion signal corresponding
to the maximum available ionizing laser intensity. For this
purpose we have tried different combinations of the coupling
capacitor “C” and the load resistor “R” as shown in Fig. 1. It
was found that shape of the optogalvanic voltage signal
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changes significantly with the value of the load resistor. The
values of “R” and “C” were adjusted to avoid the saturation
of the electronics and to record the pure photoion signals.

Equation �2� reflects that the extraction of photoionization
cross sections strongly depends on the area of cross section
of the ionizing laser in the interaction region. The diameter
of the exciter laser was �3 mm, which passes through the
center of the thermionic diode ion detector. An aperture was
placed in the path of the ionizing laser to confine its diameter
to �2 mm. To characterize the exciting and the ionizing la-
ser’s spatial profile, two beam splitters were placed before
the entrance of the thermionic diode and a small fraction of
the exciter and the ionizer laser beams was used to reproduce
their spatial profiles at the interaction region. The spatial
profiles of both exciter and ionizer lasers were generated by
scanning a PIN photodiode across their diameters. The inten-
sity distribution of both the laser beams was found to be
Gaussian. Their spot sizes were determined at which the ir-
radiance �intensity� falls to 1/e2 of its axial value. Since the
diameter of the ionizer laser beam was smaller than that of
the exciter laser, it therefore reduces the problems associated
with the spatial overlap of the beams.

We have sufficient laser energy at 1064 nm to saturate the
4s, 4p, and 4d excited states of lithium. A lens of focal
length 50 cm was used for the ionizing lasers of wavelength
690 nm, 532 nm, and 317 nm to meet the power require-
ments for the saturation. The area of the overlap region in the
confocal limit is calculated using the following relation
�34,35�

A = 	�0
2	1 + � 
ioz

	�0
2�2
 . �3�

Here z is the distance on the beam propagation axis from the
focus, �0= f
io /	�s is the beam waist at z=0, �s is half the
spot size of the ionizing laser beam on the focusing lens, f is
the focal length, and 
io is the wavelength of the ionizing
laser.

The 4s 2S, 4p 2P, and 4d 2D excited states have much
greater lifetimes ���4s��57.24 ns �10�, ��4p��424.85 ns
�10�, and ��4d�=33.5 ns �10�� than the linewidth of both the
exciter and the ionizer laser. Therefore, in order to separate
the excitation and the ionization steps and to ensure a pure
two-step photoion signal, the ionizing laser was delayed by
�5 ns. The amplitudes of the photoion signals are plotted as
a function of the intensity of the ionizing laser. Typical ex-
perimental curves for the 4s 2S, 4p 2P, 4p 2D excited states
of lithium at 1064 nm are presented in Fig. 3. The solid lines
that pass through the experimental data points are the least-
squares fit to Eq. �2�. It is evident that the photoion signal
first increases linearly with the ionizing laser’s intensity and
then saturates; i.e., the photoion signal stops to increase by
further increase in the ionizing laser intensity. The threshold
intensity of the ionizing laser at which the saturation just sets
is relatively lower for 4p and 4d while a higher intensity is
required to ionize the 4s excited state. This difference in the
threshold intensity is attributed to the corresponding photo-
ionization cross sections. For a higher value of cross section,
the photoion signal gets saturated at very low ionizing laser
intensity. The photoionization cross sections from the three

excited states of lithium determined from the fitting proce-
dure, along with the earlier reported theoretical values, are
summarized in Table I. The maximum overall uncertainty in
the determination of the absolute cross section is estimated to
be 18% �36�, which is attributed to the experimental errors in
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FIG. 3. �Color online� The photoionization data for the 4s 2S,
4p 2P, and 4d 2D excited states of lithium with the ionizing laser set
to a wavelength of 1064 nm. The solid lines are the least squares fit
to Eq. �2� to the observed data for extracting the photoionization
cross section. The error limits on the data results from pulse-to-
pulse fluctuations in the signal.

HUSSAIN, SALEEM, AND BAIG PHYSICAL REVIEW A 74, 052705 �2006�

052705-4



the measurements of the laser energy, the calibration of the
detection system, and the cross-sectional area of the ionizing
laser beam in the interaction region.

We have reported the experimental determination of the
photoionization cross section of 4s, 4p, and 4d excited states
of lithium. We can only compare our results with the theo-
retical work. The measured values of cross sections along
with the earlier theoretical work are shown in Fig. 4. The
continuous curves for 4s and 4p excited states in Figs. 4�a�
and 4�b� are the work of Lahiri and Manson �10�, who used
the central-potential model to calculate the cross sections of
excited states of lithium. The calculated values for 4s, 4p,
and 4d excited states at the ionization threshold by Aymar
et al. �5� and by Gezalov and Ivanova �7� are also shown in
the Fig. 4. We have determined the cross section from the 4p
excited state up to �3 eV above the ionization threshold, but
the theoretical curve from Lahiri and Manson �10� covers the
energy range from the ionization threshold up to 1.4 eV. In
order to compare the results, we fitted the exponential decay
law to the experimental values. The dotted line is the fitted
curve and shows an excellent agreement with the theoretical
work. Also, the photoionization cross section from 4p ex-
cited states decays smoothly with the decrease in the ionizing
laser wavelength. Very little information is available about
the photoionization cross section from the 4d excited state of
lithium. Aymar et al. �5� calculated the photoionization cross
section of 4d excited state at the ionization threshold as
36.2 Mb whereas Gezalov and Ivanova �7� reported its value
as 30.6 Mb; no other theoretical or experimental data are
available for photoionization cross section from 4d excited
state of lithium. The measured values of the photoionization
cross section of 4d excited state along with the values at
threshold calculated by Aymar et al. �5� and Gezalov and
Ivanova �7� are shown in Fig. 4�c�. The solid line is the

TABLE I. Experimental data for the absolute photoionization
cross section from the 4s, 4p, and 4d excited states of lithium.

Present work �Experimental� Previous work �Theoretical�

State wavelength
�nm�

Cross section
�Mb�

Cross section
�Mb�

4s 2S 1180 1.40 �5�; 1.31 �7�
1064 1.15±0.21

690 1.25±0.23

532 1.03±0.18

317 0.57±0.10

4p 2P 1425 41.70 �5�; 34.20 �7�
1064 23.9±4.3

690 8.8±1.6

532 3.9±0.7

317 2.0±0.4

4d 2D 1457 36.20 �5�; 30.60 �7�
1064 18.7±3.4

690 4.0±0.7

532 1.8±0.3

317 0.5±0.1

0 1 2 3 4 5 6 7

0.0

0.4

0.8

1.2

1.6

Extrapolated curve 

Exponential decay fit 

Gezalov and Ivanova [7] 

Aymar et al [5]

   4.0   0.7 Mb ( ionizing = 690 nm)

  0.5    0.1 Mb ( ionizing = 317 nm)

  1.8    0.3 Mb ( ionizing = 532 nm)

18.7    3.4 Mb ( ionizing = 1064 nm)

40

30

20

10

0

0.0

Exponential decay fit 

Gezalov and Ivanova [7] 

  8.8   1.6 Mb ( ionizing = 690 nm)

  2.0    0.4 Mb ( ionizing = 317 nm)

  3.9    0.7 Mb ( ionizing = 532 nm)

23.9    4.3 Mb ( ionizing = 1064 nm)

Lahiri and Manson [10]

Aymar et al [5]

Excess Photon Energy (eV)

45

36

27

18

9

0

3.22.82.42.01.61.20.80.40.0

Gezalov and Ivanova [7] 

Lahiri and Manson [10]

Aymar et al [5] 

1.25    0.23 Mb ( ionizing = 690 nm)

0.57    0.10 Mb ( ionizing = 317 nm)

1.03    0.18 Mb ( ionizing = 532 nm)

1.15    0.21 Mb ( ionizing = 1064 nm)

Excess Photon Energy (eV) 

P
h

o
to

io
n

iz
a

ti
o

n
 C

ro
ss

 s
ec

ti
o

n
 (

M
b

) 
P

h
o

to
io

n
iz

a
ti

o
n

 C
ro

ss
 s

ec
ti

o
n

 (
M

b
) 

P
h

o
to

io
n

iz
a

ti
o

n
 C

ro
ss

 s
ec

ti
o

n
 (

M
b

) 

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Excess Photon Energy (eV) 

(a)

(b)

(c)

FIG. 4. �Color online� �a� Comparison of the experimentally
measured values of the absolute photoionization cross section from
the 4s 2S excited state with the theoretical work. The solid line is
the calculated curve presented by Lahiri and Manson �10�. The
calculated values at threshold by Aymar et al. �5� and by Gezalov
and Ivanova �7� are also shown. �b� Comparison of the experimen-
tally measured values of the absolute photoionization cross section
from the 4p 2P excited state with the theoretical work. The solid
line is the calculated curve presented by Lahiri and Manson �10�.
The calculated values at threshold by Aymar et al. �5� and by Geza-
lov and Ivanova �7� are also shown. The dotted line is the exponen-
tial decay fit to the experimental data points. �c� The experimentally
measured values of the absolute photoionization cross section from
the 4d 2D excited state are shown along with the calculated values
at threshold by Aymar et al. �5� and by Gezalov and Ivanova �7�.
The solid line is the exponential decay fit to the experimental data
points. The dotted part of the line is the extrapolation.
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exponential decay fit to the experimental data points. The
extrapolation of this line gives the threshold photoionization
cross section of the 4d excited state very close to the calcu-
lated values �5,7�. The dotted line is the extrapolated part of
the fitted curve.

The measured values of the photoionization cross section
for the three excited states are collectively presented in Fig.
5. The values of cross section from the 4s excited state are
multiplied by a factor of 30 just to compare the trends of
photoionization cross sections from the three excited states.
The dotted line passing through the values of the cross sec-
tion of the 4s excited state at different ionizing wavelengths
is not the fitted curve; it is just a freehand sketch to compare
the trend of the energy dependence of the photoionization
cross section from the three excited states corresponding to
the same principal quantum number but different orbitals.
The solid lines are the exponential decay fit to the experi-
mental data points for the photoionization cross section from
4p and 4d excited states.

The behavior of the photoionization cross sections for the
excited states can be correlated with the difference between
the initial state quantum defect and the final continuum
threshold phase shift. The quantum defects of s and p states
of lithium are 0.4 and 0.05 respectively and are effectively
zero for ��2 �10�. Thus only transitions involving s or p
states are nonhydrogenic, while the remainder is entirely hy-
drogenic. It has been shown that a difference of about 0.5 is
necessary to have a Cooper minimum in the continuum �37�.

There is only one channel p through which the electrons
from the ns excited states can be promoted to the ionization
continuum. The difference between the ns quantum defect
and the threshold p phase shift is 0.37, which is less than
0.5 therefore a minimum is expected in the discrete region

near threshold �38�. The presence of this minimum causes
the ns cross section to be anomalously small at threshold
�10�. The measured values of the cross section from the 4s 2S
excited state are 1.15 Mb, 1.25 Mb, 1.03 Mb, and 0.57 Mb
at 0.1 eV �near threshold�, 0.7 eV, 1.3 eV, and at 2.9 eV,
respectively. It is apparent that the photoionization cross sec-
tion from the 4s excited state near the ionization threshold
�0.1 eV� is lower than its value at 0.7 eV. Evidently, the
photoionization cross section first increases to a maximum
value of 1.25 Mb at 0.7 eV and then decreases with the de-
crease in the ionizing laser wavelength, deviating from the
hydrogenic behavior. This confirms the theoretical prediction
of Lahiri and Manson �10� about the behavior of cross sec-
tions of ns excited states of lithium.

The behavior of the photoionization cross section from
the 4p excited state is rather different from that of the 4s
excited state. The excited electrons from the 4p state can be
promoted to the ionization continuum through two different
channels np→s and np→d. The contribution of np→s
channel towards the photoionization cross section is very
small while the most dominating channel is the np→d as
pointed out by Lahiri and Manson �10�. The contribution of S
and D waves cannot be verified on the experimental basis
because experimentally we can only determine the total ab-
solute cross section of the excited state. The threshold phase-
shift difference for np→d is only 0.5, which discards any
possibility of minimum. It is clear from Fig. 5 that no mini-
mum is present in the photoionization cross section from the
4p excited state near threshold. The cross sections decrease
monotonically with the decrease in the ionizing laser wave-
length above the first ionization threshold but this falloff of
the cross section is not hydrogenic.

We have experimentally determined the photoionization
cross section of the 4d 2D excited state from near threshold
��0.3 eV� up to �3 eV above the first ionization threshold.
There are two possible ionization channels, p and f ,
through which the excited electrons from the 4d 2D excited
state can enter the ionization region. The nd→p cross sec-
tion is slightly different from hydrogenic, owing to the small
p-wave phase shift, but the nd→f is completely hydro-
genic. In addition the contribution of the nd→f channel
towards the photoionization cross section is expected to be
dominating over the nd→p channel �10�. The fitted curve
�Fig. 5� to the measured photoionization cross section of the
4d excited state decreases monotonically with the decrease in
the ionizing laser wavelength, and this behavior is evidently
pure hydrogenic as compared to that of the 4p excited state.

The calculated photoionization cross section from the 4p
excited state at threshold is greater than the corresponding
value of cross section from the 4d excited state as reported
by Aymar et al. �5� and Gezalov and Ivanova �7�. Our mea-
sured value of the photoionization cross section from the
4d 2D excited state just above the threshold at �0.3 eV is
also greater than the corresponding value of cross section
from the 4p 2P excited state. In addition, the cross sections
from the 4d excited state decay faster than the cross sections
from the 4p excited state with the decrease in the ionizing
laser wavelength, obeying the hydrogenic behavior. There-
fore, the measured values of the photoionization cross sec-
tion of the 4d excited state from near threshold region

FIG. 5. �Color online� A comparison between the energy-
dependent behavior of the measured values of the photoionization
cross section from the 4s, 4p, and 4d excited states of lithium. The
values of the photoionization cross section from the 4s excited state
are multiplied by 30 just to show the trends of cross section from
the three excited states. The dotted line passing through the values
of the cross section of the 4s excited state is not the fitted curve, it
is just a freehand sketch. The solid lines are the exponential decay
fit to the experimental data points for the photoionization cross
section from the 4p and 4d excited states.
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�0.3 eV up to �3 eV are smaller than the values of cross
sections of the 4p excited state �see Fig. 5�.

The radiative recombination is a process in which a con-
tinuum electron �free electron� is captured by an ion via a
spontaneous emission of a photon. It is therefore an inverse
process of photoionization. The radiative recombination pro-
cess plays an important role in the measurements of the
photoionization cross section near the ionization threshold.
The cross section for the radiative recombination can be ex-
tracted from the detailed balance principle, as described by
Lahiri and Manson �10�. A comparison of the three excited
states shows that the photoionization cross sections of the 4p
excited state are slightly greater than the cross sections of the
4d state but are larger by more than an order of magnitude to
those of the 4s excites state. Accordingly, the radiative re-
combination cross section for the 4p excited state is much
greater than for the 4s and 4d excited states.

IV. CONCLUSIONS

In conclusion, we have experimentally determined the ab-
solute photoionization cross sections from the 4s, 4p, and 4d

excited states of lithium, in the region from near the thresh-
old up to �3 eV above the first ionization threshold. The
energy-dependent behavior of the cross section from the
three excited states of lithium has been explored for the first
time. The cross sections from the 4s and 4p excited states
show nonhydrogenic behavior while the falloff of the cross
sections from the 4d excited state is purely hydrogenic, in
accordance to the theoretical prediction �10�. This technique
can be extended to determine the photoionization cross sec-
tion as well as the photoabsorption cross section �oscillator
strength� of all the alkali and alkaline earth elements. The
work on the determination of absolute oscillator strength of
the principal Rydberg series of lithium is in progress in this
laboratory.
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