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Electron-impact excitation of the 6p7s 3P1 state of Pb atom has been investigated both experimentally and
theoretically. Differential cross sections �DCSs� were measured at incident electron energies of E0=10, 20, 40,
60, 80, and 100 eV and small scattering angles up to 10° using a crossed electron-atom beam technique. The
forward scattering function method has been used for determination of the absolute generalized oscillator
strengths and DCS values. Corresponding relativistic distorted wave calculations have been performed and
compared with experimental results.
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I. INTRODUCTION

Electron-impact excitation of Pb atoms is of both applied
and fundamental interest. Many plasma diagnostic and mod-
eling techniques require electron-impact excitation cross sec-
tions as input data for the calculation of plasma parameters.
Besides this, detailed electron-atom collision data are very
important in astrophysics. They are essential for identifying
electron-impact excited lines in spectra of various astro-
physical objects including stars and interstellar gas clouds
and therefore have a critical role in abundance analysis and
chemical composition determination of these objects �1–4�.

Growing interest in reliable e /Pb collision data stimulated
this research in electron atom scattering processes. In this
open-shell atom with high Z value, relativistic effects are
expected to play an important role. Unfortunately, there are
only a few experimental and theoretical investigations re-
lated to the electron excitation of the Pb atom. Williams and
Trajmar �5� presented experimental differential and integral
cross sections for the excitation of the first five states at
single incident electron energy of 40 eV. The theoretical
study by Bartschat �6� was concerned with elastic and inelas-
tic electron scattering in the energy range up to 7 eV. Using
the semirelativistic R-matrix method he calculated total
electron-impact cross sections for the transitions from the
ground 6p2 3P0 state to the 6p2 3P0,1,2, 1D2, and 1S0 states.
The main motivation for the calculation by Wijesundra et al.
�7� was to reinvestigate the structure of the Pb atom and to
calculate cross sections for the elastic scattering and
electron-impact excitation of the four lowest-lying excited
states. The results were obtained using the Dirac R-matrix
method in the energy range from 0 to 4 eV. The authors also
presented resonance structures. In comparison with the pre-
vious R-matrix calculation of Bartschat �6� they found dis-
agreement between calculated positions of the resonance
structures which probably results from the different methods
used to account for relativistic effects. Kaur et al. �8� re-
ported relativistic distorted wave �RDW� results for differen-
tial cross sections �DCSs� for the electron impact excitation

of lead for the fine-structure transitions 3P0− 3P1, 3P2 and
1D2, and for all of the generalized polarization parameters in
the energy range from 11 to 40 eV. The calculation includes
both the fine structure of the atom and the spin orbit coupling
of the scattered electrons. The previous measurements using
polarized electrons include work by Geesmann et al. �9�.
They have developed an experimental apparatus for studying
both elastic and inelastic transitions that allowed them to
measure the left-right asymmetry of polarized electrons scat-
tered from unpolarized targets at energies below 6 eV. Re-
cently, data for lead atom excited to the resonant 6p7s 3P1
state by polarized electron impact were reported by Herting
et al. �10�. The results are obtained using the electron-photon
coincidence technique and are compared with the semirela-
tivistic Breit-Pauli R-matrix and RDW calculations.

This experiment extends our previous work on Pb �11,12�
by providing new scattering data for lead atoms. Here we
present results of a joint experimental and theoretical inves-
tigation of electron-lead excitation. Inelastic collisions lead-
ing to excitation of the 6p7s 3P1 level from the 6p2 3P0
ground state have been studied experimentally at incident
electron energies of 10, 20, 40, 60, 80, and 100 eV and scat-
tering angles from 1° to 10°. We report absolute generalized
oscillator strengths �GOS� for the 6p2 3P0→6p7s 3P1 tran-
sition in Pb and corresponding DCS values. These absolute
GOSs and DCSs are determined through normalizations to
the optical oscillator strength using the forward scattering
function method. Relativistic distorted wave calculations of
electron-lead scattering were performed and are compared
with the experimental data.

II. EXPERIMENTAL TECHNIQUE AND PROCEDURES

The new inelastic scattering data for Pb atom excited to
the 6p7s 3P1 state by electron impact are obtained using the
same experimental setup as for the Ca, Zn, and Mg experi-
ments �13–15�. In these references a more detailed descrip-
tion of the apparatus and operating conditions has been pre-
sented, therefore only a brief summary will be given here.
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The experiment was carried out using a crossed electron-
atom beam technique in the electron spectrometer “ESMA.”
The monoenergetic beam of electrons from the monochro-
mator was perpendicularly crossed by the atomic beam. A
lead vapor beam was produced by heating an oven crucible
�aspect ratio �=0.075� containing Pb metal by two separate
heaters which provided a variable temperature difference be-
tween the top and bottom—the nozzle was maintained at
approximately 100 K higher temperature in order to prevent
clogging. The working temperature was about 1170 K and
background pressure was of the order of 10−5 Pa. A double
�-metal magnetic shield reduced the Earth’s magnetic field
to less than 10−7 T in the chamber.

The energy scale was calibrated by measuring the position
of the feature in the elastic scattering attributed to the thresh-
old energy of the 6p7s 3P1 state of Pb at 4.375 eV. This
resonance structure is clearly resolved with an overall system
energy resolution �full width at half maximum �FWHM�� of
about 120 meV. The angular resolution was estimated to be
1.5°. Scattered electron intensity was measured as a function
of scattering angle by a hemispherical electron energy ana-
lyzer and channel electron multiplier as a single-electron de-
tector. The analyzer can be positioned from −30° to 150°
with respect to the incoming electron beam.

The measurement procedure included several steps. Be-
fore each measurement the energy loss spectra were recorded
to verify the absence of double scattering. Then the angular
distribution of the scattered electrons was measured at small
scattering angles. The position of the true zero angle was
determined and checked according to the symmetry of scat-
tering intensities at negative and positive angles between
−10° and +10°. Effective path length correction factors �16�
adopted for our scattering geometry and experimental condi-
tions convert the measured intensities to relative differential
cross sections. In order to put our results on an absolute
scale, following the method described by Felfli and Msezane
�17�, we normalized the relative DCSs by using the forward
scattering function �FSF� introduced by Avdonina et al. �18�.
It is well known that accurate DCS values for optically al-
lowed transitions at small scattering angles are difficult to
obtain, particularly at high impact energies when DCSs in-
crease dramatically as the scattering angle approaches to
zero. One of the most used techniques for normalization con-
sists of extrapolating the measured DCSs data down to zero
momentum transfer through the unphysical region of scatter-
ing angles �19�. Including the limiting behavior of the gen-
eralized oscillator strength �GOS� which tends to optical os-
cillator strength �OOS� as the square of the momentum
transfer �K2� tends to zero and using the known OOS value
for some optically allowed transition, Avdonina et al. �18�
introduced the FSF and obtained GOS values for this transi-
tion for forward electron scattering at small momentum
transfer without traversing the unphysical region. Following
this theoretical approach which uses only the OOS as input,
it is applicable for E0�2.5� �where � is excitation energy�,
and it ensures successful connection of experimental GOS
results with corresponding OOS. Felfli and Msezane �17�
utilized this procedure for normalizing the measured relative
DCSs through the GOSs over a wide range of the electron
impact energies. Due to this procedure, for a given E0, the

smallest value of K2 was obtained for zero scattering angle.
Since this value corresponds to absolute GOS for forward
scattering which lies on the FSF curve, extrapolated and
properly normalized relative GOSs must terminate on the
FSF curve exactly at this point. Also, in appropriate repre-
sentation the GOS varies linearly with K2 for small scattering
angles and linearity decreases as E increases away from
threshold. In this work we generated the FSF curve using the
OOS value of 0.21 taken from the NIST database �20�. This
value is somewhat larger than recommended value of
0.19±0.02 by Doidge �21� but smaller than the obtained
value of 0.26 by Biemont et al. �22�. Relative DCSs �C� were
converted to the generalized oscillator strengths �S� accord-
ing to the following formula:

S�K,E� =
�

2

ki

kf
K2C�E,�� , �1�

where � is excitation energy, ki and kf are the electron mo-
menta before and after the collision, and the momentum
transfer K is defined by

K2 = 2E�2 −
�

E
− 2�1 −

�

E
cos �� , �2�

where E is the impact energy. The GOS values obtained were
fitted and extrapolated from the small values of K2 obtained
from zero scattering angle data and normalized to the FSF.
These normalization factors were then used to obtain abso-
lute DCS values.

III. CALCULATION METHOD

In the RDW method the transition matrix for the electron
impact excitation of an atom having N electrons from an
initial state i to a final state f is given by �atomic units are
used throughout�

Ti→f
DW = �� f

−�1,2, . . . ,N + 1�	V − Uf�N + 1�	A�i
+�1,2, . . . ,N

+ 1�
 , �3�

where V is the target-projectile interaction and Uf is the dis-
tortion potential which is taken to be a function of the radial
coordinates of the projectile electron only. Uf is chosen to be
a spherically averaged static potential of the final state of the
atom.

The wave functions �ch
+�−�, where “ch” refers to the two

channels, i.e., initial “i” and final “f ,” are represented as a
product of the N-electron target wave functions �ch and a
projectile electron distorted wave function Fi�f�

DW+�−�, i.e.,

�ch
+�−��1,2, . . . ,N + 1� = �ch�1,2, . . . ,N�Fch

DW+�−��kch,N + 1� .

�4�

Here “+” refers to an outgoing wave, while “−” denotes an
incoming wave. A is the antisymmetrization operator that
takes into account the exchange of the projectile electron
with the target electrons and kch are the linear momenta of
the projectile electron in the initial and final state. The dis-
torted waves F are solutions of the Dirac equations including
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the distortion potential Uf and depend on the spin of the
projectile electron. More details are given in Chauhan et al.
�23�, where we studied electron impact excitation of the
ground state of calcium.

Since our calculations are carried out in the relativistic j-j
coupling scheme the wave functions �ch have a definite total
angular momentum and the spin of the projectile electron is
specified. Thus we can write the T-matrix in the alternate
form

Ti→f
DW = �JfMf� f	V − Uf	JiMi�i
 , �5�

where J and M represent the total angular momentum of the
atomic state and � is the spin projection of the free electron.
With our normalization of the distorted waves, the differen-
tial cross section for the excitation of the atom from the
initial state metastable level with angular momentum Ji to a
higher lying level Jf is given by

DCS = �2��4 kf

2�2Ji + 1�ki
�

MiMf�i�f

	�JfMf� f	V − Uf	JiMi�i
	2,

�6�

where we have summed over the spins of the incident and
scattered electron since these are not observed in the experi-
ment.

The ground state of Pb is a fine-structure level of the 6p2

valence shell with J=0. We are considering the excitation of
this state to the 6s7p 3P1 level. Thus we have Ji=0 and Jf
=1. Since we are working in the j-j coupling scheme we
represent the p electrons as p̄ with total angular momentum
j=1/2 and p with j=3/2. We have used two different sets of
wave functions in our calculations which are determined
from the GRASP92 program of Parpia et al. �24�. The first,

labeled SCGS �single-configuration ground state�, uses the
minimal spectroscopic configurations for the initial and final
states. In this case we have

�i = a1�6p̄2�J=0 + a2�6p2�J=0 �7�

and

� f = b1�6p̄7s�J=1 + b2�6p7s�J=1, �8�

with a1=0.960 148, a2=−0.279 49, b1=0.99 734, and b2
=0.072 88. This yields an optical oscillator strength of
0.167 96. The second set, labeled MCGS �multiconfiguration
ground state�, involves more elaborate wave functions ob-
tained by adding additional configurations to the basic set.
These are given by

�i = a1�6p̄2�J=0 + a2�6p2�J=0 + a3�6p̄7p̄�J=0 + a4�6p7p�J=0

�9�

and

� f = b1�6p̄7s�J=1 + b2�6p7s�J=1 + b3�6p̄6d̄�J=1 + b4�6p6d̄�J=1

+ b5�6p6d�J=1, �10�

with a1=0.952 56, a2=−0.278 49, a3=−0.122 71, a4=
−0.005 139, b1=0.99 703, b2=0.053 53, b3=−0.005 77, b4
=−0.012 06, and b5=0.053 76 giving an optical oscillator
strength of 0.22845. Thus we see that the MCGS wave func-
tions yield oscillator strength in much better agreement with
the measured value of 0.21 used to normalize the experimen-

FIG. 1. �Color online� Generalized oscillator strengths �GOS�
for the 6p7s 3P1 state of lead atoms versus momentum transfer
squared �K2� at 10 �filled circles�, 20 �open circles�, 40 �filled up
triangles�, 60 �open squares�, 80 �filled down triangles�, and 100 eV
�open diamond� electron-impact energies. Stars show the appropri-
ate minimal values of K2 and the dash-dotted line represents the
forward scattering function �FSF� generated using the optical oscil-
lator strength �f� value of 0.21.

FIG. 2. �Color online� Generalized oscillator strengths �GOS�
for the 6p7s 3P1 state of lead versus momentum transfer squared
�K2� at �a� E0=20 eV and �b� E0=60 eV electron-impact energies.
Filled circles denote the present experimental results, the solid line
denotes MCGS calculations, and the dashed line denotes SCGS
calculations. Stars indicate the appropriate minimal values of K2,
while the dash-dotted line represents the forward scattering function
�FSF�.
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tal data. Note that both the initial and final states are domi-
nated by a single configuration.

IV. RESULTS AND DISCUSSION

Normalized generalized oscillator strengths for the exci-
tation of the 6p7s 3P1 state versus the squared momentum
transfer at all energies are shown in Fig. 1. Note that all
energies that we have studied, except an electron energy of
10 eV which is at the limit of validity for this normalization
technique defined as approximately 2.5 times the excitation
energy, are within the applicability of the FSF method. In-
deed, the absolute GOS data points corresponding to zero
scattering angles terminate on the FSF curve for all energies
and this implies that our results are correctly normalized.
But, according to the theory �17�, GOS values should be
fitted by straight lines which terminate on the FSF curve. In
our case GOS results do not follow this prediction especially
at E0	20 eV. This is consistent with the normalization pro-
cedure described by Felfli and Msezane �17� where the linear
variation of the GOS with K2 is extensive for E values close
to the �, but it covers fewer and fewer scattering angles as E
increase. As one can see from Fig. 1, the normalized GOSs
rapidly decrease with increasing momentum transfer at
higher electron impact energies. The minimal values of
squared momentum transfer �indicated in Fig. 1� slide down
the forward scattering function curve as the energy de-
creases, from 0.0036 at 100 eV to 0.0459 at 10 eV, and this
behavior is alsopredicted by theory �17�.

The present experimental and theoretical GOSs at �a� E0
=20 eV and �b� E0=60 eV are shown in Fig. 2. We can see
that the SCGS results for both energies lie below the MCGS
calculations and experimentally obtained GOSs as well. This
behavior is expected from the values of the oscillator
strengths obtained in the two calculations. It is obvious that
there is a good agreement between experiment and MCGS
theory especially at 60 eV and scattering angles above 2°.

The experimental DCSs for the 6p7s 3P1 excitation from
the ground state of lead are tabulated in Table I and shown in
Figs. 3 and 4. We compared the measured results with the

present MCGS and SCGS calculated values. As one can see,
the shapes of the DCS are all the same and are the classical
shape of an allowed transition in the forward direction. We

TABLE I. Differential cross sections, in units of 10−20 m2 sr−1, for electron excitation of the 6p7s 3P1
state of Pb. The numbers in parentheses are absolute errors.

Angle
�deg�

Electron energy

10 eV 20 eV 40 eV 60 eV 80 eV 100 eV

1 4.1�1.0� 22.5�5.6� 59�14� 86�20� 109�26� 121�29�
2 3.67�65� 21.0�3.6� 46.6�7.6� 59.3�9.6� 64�10� 61.4�9.9�
3 3.33�51� 18.8�2.8� 33.9�4.9� 37.1�5.3� 33.6�4.8� 28.5�3.7�
4 3.04�45� 16.4�2.3� 23.3�3.2� 22.1�3.0� 17.6�2.4� 13.5�1.7�
5 2.77�40� 13.9�1.9� 15.7�2.1� 13.1�1.7� 9.6�1.3� 6.93�84�
6 2.53�36� 11.6�1.6� 10.7�1.4� 7.9�1.0� 5.48�74� 3.82�46�
7 2.31�33� 9.6�1.3� 7.4�1.0� 4.95�65� 3.24�45� 2.21�26�
8 2.10�29� 8.1�1.1� 5.12�68� 3.24�43� 1.93�27� 1.29�15�
9 1.90�27� 6.87�94� 3.52�47� 2.19�29� 1.13�17� 0.730�91�
10 1.71�24� 5.91�81� 2.36�32� 1.46�20� 0.73�12� 0.514�65�

FIG. 3. �Color online� Differential cross sections for the 6p7s
3P1 excitation of lead at �a� 10 eV, �b� 20 eV, and �c� 40 eV
electron-impact energies. Filled circles with error bars denote the
present experimental results. Solid line shows DCSs calculated by
the MCGS approximation and the dashed line shows the results
obtained using the SCGS approximation.
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find very good agreement, considering both the absolute
value and the shape, between our experimental DCSs and
our MCGS calculation at all energies over the whole angular

range except at the lowest incident energy of E0=10 eV �Fig.
3�a��, where experiment gives smaller DCSs at all scattering
angles. This is consistent with the results for the GOS values
shown in Fig. 1 and the fact that distorted-wave methods are
less reliable at impact energies near threshold. At the same
energy, the SCGS results are lower than results obtained us-
ing MCGS approximations but good agreement with experi-
ment has been obtained at scattering angles up to 5°. The fact
that the SCGS results are in better agreement with the ex-
periment at this energy is fortuitous. The SCGS and MCGS
cross sections have very similar shapes at all energies, with
the SCGS DCSs consistently smaller. However, as the im-
pact energy increases, the SCGS and MCGS results approach
each other and converge to the measured DCSs.

V. CONCLUSIONS

We have presented both experimental and theoretical re-
sults for the generalized oscillator strengths and differential
cross sections for the excitation of the 6s7p 3P1 state of lead
in the intermediate electron energy range from 10 to 100 eV
and small scattering angles up to 10°. The good agreement
between measurement and theory especially at higher
electron-impact energies indicate that our results are highly
accurate. The obtained data are crucial for normalization and
determination of the absolute differential cross section at
higher scattering angles and give the basis for a further de-
tailed study of the electron-Pb scattering processes.
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