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An atom trapping technique for determining absolute, total ionization cross sections �TICS� out of an excited
atom is presented. The unique feature of our method is in utilizing Doppler cooling of neutral atoms to
determine ionization cross sections. This fluorescence-monitoring experiment, which is a variant of the “trap
loss” technique, has enabled us to obtain the experimental electron impact ionization cross sections out of the
Cs 6 2P3/2 state between 7 eV and 400 eV. CCC, RMPS, and Born theoretical results are also presented for
both the ground and excited states of cesium and rubidium. In the low energy region ��11 eV� where best
agreement between these excited state measurements and theory might be expected, a discrepancy of approxi-
mately a factor of five is observed. Above this energy there are significant contributions to the TICS from both
autoionization and multiple ionization.
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I. INTRODUCTION

Collisions between electrons and excited atomic species
are important wherever electrical discharges or plasmas are
encountered. However obtaining quantitative cross section
data for such processes has proved to be extremely difficult
and so relatively few such data sets have been reported �1�.
In the last decade there has been a growth in the use of
magneto-optical traps �MOTs� in conjunction with electron
impact techniques, resulting in measurements of total elec-
tron scattering cross sections �2–5� and ionization cross sec-
tions �6,7�. In this work we report the first measurements and
calculations of the electron-impact total ionization cross sec-
tion �TICS� from the excited 6 2P3/2 state of cesium. Not
only are such TICSs from short-lived states of great practical
relevance in plasmas and discharges �1,8�, they are important
also for developing a theoretical understanding of ionization
processes in large multielectron systems.

The technical difficulties in measuring absolute cross sec-
tions from excited states are well known. This is further
compounded if the target is a metal vapor, as in the present
study, due to the inherent low number density in the interac-
tion region. That there have been no ground state electron
impact ionization cross section measurements since the
1960s �9–14� is perhaps indicative of the technical limita-
tions in using conventional methods. Some of those experi-
mental challenges can, however, be overcome using atom
trapping techniques.

In our earlier electron-impact studies using a MOT, we
used the “trap loss” method to measure the ground state total

scattering cross sections in cesium �3,5�. The trap-loss tech-
nique, first developed by Lin and co-workers �2,6,7�, moni-
tors the fluorescence decays of the trapped atoms, with and
without an electron beam present. The loss rate of atoms
from the trap due to electron collisions, �e, is related directly
to the cross section, �, and electron flux, J, through the trap

�e = �J/e . �1�

Hence measurements of �e and J yield � directly. In this
work, we still monitor the trap fluorescence, however, alter-
ing the timing sequence for the pulsed magnetic field and
electron beam, together with the trapping and repumping la-
sers, we have been able to determine the loss of atoms from
the trap due solely to ionization. We take full advantage of
the fact that �a� it is not necessary to know the target density
using the trap loss method, �b� laser pumping allows one to
create a known, substantial fraction of atoms in a specific
state, and �c� in the present experiment Doppler cooling only
acts on neutral atoms, allowing the ions to escape the inter-
action region.

II. EXPERIMENTAL METHOD

Experimental details of our MOT system are available
elsewhere �3,5�; only information pertinent to this ionization
study is presented here. Cesium is introduced into the UHV
vacuum chamber via a valved side-arm reservoir maintained
at a constant temperature and the trap is reloaded from the
background Cs vapor. The internal anti-Helmholtz pair of
coils providing the magnetic trapping field has an axial field
gradient of approximately 10 G/cm for an operating current
of 2 A. The pulsing on and off of the coil current is con-
trolled via a TTL signal and the circuit also provides a means
of rapidly switching the coil current to minimize the mag-
netic field rise and decay times ��1 msec�. Laser cooling of
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the Cs atoms is achieved with two external cavity, grating
stabilized diode lasers operating at 852 nm. The trapping la-
ser is red detuned from the 6 2S1/2�F=4�→6 2P3/2�F=5�
transition frequency. The repumping laser is set to the
6 2S1/2�F=3�→6 2P3/2�F=4� transition to remove atoms
from the dark �F=3� ground state. The merged trapping and
repumping laser beams have �17 mm diameter in the
vacuum chamber. The trapped atom fluorescence is collected
and monitored continuously using a cooled photomultiplier
tube.

A multielement electron gun produces a near parallel
10 mm diameter beam of uniform current density over the
entire 7–400 eV energy range covered in this study �5�. An
oxide coated cathode is used and two pairs of electrostatic
deflectors allow accurate control and steering of the �70 �A
electron beam. Two movable wire probes are arranged so
that the electron beam profile can be monitored in two di-
mensions in a plane perpendicular to the electron beam di-
rection. The current density, J, in the region of the atom
cloud is obtained from measurements of the electron beam
profile and the total beam current collected in the Faraday
cup. Helium was introduced into the vacuum system to cali-
brate the energy scale using the He+ threshold at 24.58 eV in
a time-of-flight ion detection system. The error in the energy
calibration is estimated to be ±0.3 eV.

During the experiment, the trapping magnetic field was
turned off for a time, TB, �10 ms�, as shown in the timing
sequence diagram of Fig. 1. During alternate trap-off times
an electron beam pulse was introduced for a time, Te �8 ms�,
after a delay of �e �1 ms� to ensure that the electrons were
not perturbed during the magnetic field switching. Trap fluo-
rescence was monitored continuously with the signals from
alternate cycles, each lasting 500 ms, being stored in sepa-
rate memories. The Faraday cup current was also continu-
ously monitored. Further measurements, taken with the trap-
ping magnetic field permanently off, were obtained in order
to subtract the corresponding background fluorescence due to
untrapped atoms or scattered laser light. The time evolution
of the trap fluorescence, both with and without the presence
of the electron beam pulse, is shown in Fig. 2.

In the current experiment both the trapping and repump-
ing lasers were permanently on. The cesium ions produced
by electron impact are not slowed down by this laser field.

However, Doppler cooling of the �neutral� atoms is continu-
ally present and this inhibits the atoms which gain momen-
tum via electron collisions from escaping the interaction re-
gion. Even so, the fastest recoiling atoms in the trap can
escape the interaction region even when trapping and re-
pumping lasers are on, which could potentially result in an
overestimation of the measured TICS. To evaluate the sig-
nificance of the trap loss contribution due to nonionizing
electron collisions we obtained TICS measurements as a
function of time TB, for fixed values of Te and �e. Recoil
velocity increases with increasing electron scattering angle
and large-angle scattering is more prominent at low electron
impact energies. However, low energy electrons have less
momentum to impart so it is necessary to examine these
counteracting effects at both low and high electron impact
energies. Similar tests were performed by Schappe et al. �6�,
who found the low energy Rb TICS measurements to be
more sensitive to this loss mechanism. The data in Fig. 3
show that the deviations of our TICS values, as a function of
time when the trapping force is absent, are small compared
to our experimental uncertainty. This indicates that the laser
beams are very effective in slowing down those atoms that
gain momentum during electron collisions. We can therefore
assume that losses measured during the experiment are over-
whelmingly due to the production of ions. The use of Dop-
pler cooling to stop atoms from escaping the interaction re-
gion is a novel feature of this electron impact MOT
technique.

A further result of both trapping and repumping lasers
being present during the electron-atom interaction is that the
atoms in the trap are in a mixture of 6 2S1/2 and 6 2P3/2 states.
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FIG. 1. Timing sequence diagram for this experiment: TB

=10 ms, Te=8 ms, and �e=1 ms. The electron beam is present for
alternate measurement cycles.

FIG. 2. Upper traces: Typical trap fluorescence curves, after
background subtraction, with �solid� and without �dashed� the elec-
tron beam present. The losses in the absence of the electron beam
are due to a variety of factors, including thermal expansion and
collisions within the trap and with vacuum residuals. Of relevance
are the additional losses due to the presence of the electron beam.
Lower Trace: The trap loss as a function of time derived from the
upper two traces as discussed in �5�. The horizontal bar indicates
the time interval used to determine the average trap loss rate, �e, in
this work.
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Following Keeler et al. �7�, the excited state fraction, fe, can
be estimated using the following two level atom approxima-
tion

fe =
I/2Is

1 + I/Is + 4�2/�2 �2�

where � is the detuning of the trapping laser from resonance,
I is the applied laser intensity at the trap, Is is the saturation
intensity, and � is the natural linewidth of the trapping tran-
sition �32.7686 MHz�. The two-level approximation is rea-
sonable here given the fact that further excitation or ioniza-
tion from the excited level is not energetically feasible using
single 852 nm photons. Measurements of trap fluorescence
as a function of laser intensity with constant �=19 MHz
resulted in evaluation of the excited state fraction in the cold
Cs atom cloud. For these measurements we used a Pockels
cell to rapidly rotate the polarization of the trapping laser
beam to control the intensity while maintaining a constant
number of atoms in the trap. From this method we estimate
the trap to contain 26�±1�% of excited 6 2P3/2 state cesium,
with the remaining 74% in the 6 2S1/2 ground state. We note
that our excited state fraction is similar to that obtained by
other workers using similar traps: e.g., Keeler et al. �7�
�43%�. The total ionization cross section measurements pre-
sented later in Fig. 6 were evaluated from raw data obtained
with this state mixture. Typical TICS uncertainties ���� are
�11%, largely due to the statistical fluctuations in the mea-
sured loss rates �see �5� for further discussion�.

III. THEORETICAL APPROACHES

We utilize three theoretical approaches for estimating the
Cs electron-impact ionization cross sections. The nonpertur-
bative convergent close coupling �CCC� �15� and the R ma-
trix with pseudostates �RMPS� �16� methods are supple-
mented by a Born based approach �17�. Whereas the former
two yield cross sections for ejecting only the valence elec-
tron, the latter is also able to estimate the cross section for
ejecting a core electron.

The first step in a collision calculation is to have an ad-
equate description of the target. For the alkali metals this has
been studied in some detail and basically the same approach
is adopted here by all three calculations. The core orbitals are
obtained from a self-consistent-field Hartree-Fock treatment
of the ground state of Cs. These core orbitals are then used to
define the frozen-core Hartree-Fock or an equivalent local
core potential, which is supplemented by an appropriately
chosen core-polarization potential. The full core potential is
checked by ensuring, upon solution of the Schrödinger equa-
tion, the resulting valence electron energies and oscillator
strengths are in good agreement with experimental values.

Unlike the common approach to structure, the three meth-
ods differ substantially in their approach to the scattering
part of the calculation. While both the RMPS and CCC
methods are based on the close-coupling approach, with the
target continuum modeled with the usage of pseudostates,
their numerical implementation is very different. The RMPS
method obtains the target states by diagonalizing the target
Hamiltonian using a Slater-type representation and solves the
full problem of projectile plus target atom in a box to yield
results over a fine, but not too broad an energy range. On the
other hand, in the CCC method the target states are obtained
by diagonalizing the target Hamiltonian in a Laguerre basis,
and the method is applied separately at any energy of interest
by solving the coupled equations in momentum space.

The Born calculations presented here are based on the
analytic Born approximation technique described in �17� and
target wave functions calculated using the Hartree-Fock �HF�
self-consistent field technique. We used the computer pro-
gram described in �18� to generate the HF wave functions
with a Slater basis, and included an estimate for core polar-
ization for the valence orbital calculations. The same core
orbitals were used for both ground-state and excited-state
calculations. The Born method �17� uses a plane wave to
model the scattered electron and a Coulomb wave for the
ejected electron, which is orthogonalized to the occupied or-
bitals of the target. Moreover, we progressively orthogonal-
ized to the nearest unoccupied orbitals until convergence was
obtained. This was achieved by including the first two unoc-
cupied orbitals �5p and 6s for Rb 5 2S; 5s and 6s for Rb
5 2P; 6p and 7s for Cs 6 2S; 6s and 7s for Cs 6 2P� in the
orthogonalization of the Coulomb wave. This extended or-
thogonalization had a minimal effect on the core or excited-
state cross sections, but some effect on the ground-state ion-
ization at the higher energies. Despite the rather different
numerical approaches, we shall see that the three calculations
yield very similar cross sections for ejecting the Cs 6s or 6p
electron by electron-impact at all energies considered here.

IV. RESULTS AND DISCUSSION

To extract the Cs 6 2P TICS, it is necessary to have an
accurate and reliable 6 2S1/2 TICS in order to subtract its
contribution from the measured total ionization yield. Al-
though the measurements of Nygaard �14� and Zapesochny�
and Aleksakhin �12� are in good agreement, the data of
Korchevo� and Przonski �11� and Heil and Scott �10� are,
respectively, �1.2 and �0.65 that of Nygaard’s results in the

FIG. 3. Graphs showing the percentage deviations in the mea-
sured TICS values as a function of TB for two electron beam ener-
gies. Doubling TB does not alter the TICS values �within experi-
mental uncertainty�, indicating that laser cooling effectively inhibits
scattered atoms from escaping the trap region.
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region of overlap below 25 eV. In this work we present the-
oretical single ionization cross sections �SICS�, shown in
Fig. 4, obtained using the CCC, R matrix with pseudostates
�RMPS�, and Born approximation methods. Both the CCC
and RMPS calculations only consider direct single ionization
from either the 6s or 6p orbitals. The Born calculations in-
clude single ionization from the 5p and 5s core orbitals,
which accounts for a prominent shoulder in the SICS at
�100 eV. None of these theoretical methods account for
autoionization �or multiple ionization�. Although there are
small differences in the CCC, RMPS, and Born shapes above
12.3 eV, the onset of the lowest autoionizing state, there is
excellent agreement in their magnitudes up to �10 eV. Con-
sequently, we have renormalized Nygaard’s data �14� to our
calculations in the region between 4–10 eV using a scaling
factor of 1.12. McFarland and Kinney’s TICS data �9� were
then scaled by 0.9 to merge with the scaled Nygaard results
in the 50–100 eV region of overlap �see Fig. 4�. The relative
TICS data of Tate and Smith �19� were also normalized to
the CCC and RMPS results in the 4–10 eV region. The re-
sult of this renormalization is excellent agreement in the
shape of the experimental TICS over the entire 4.5–800 eV
region, affirming Tate and Smith’s pioneering results. It
should be noted that Nygaard �14�, McFarland and Kinney
�9� and Zapesochny� and Aleksakhin �12� estimate their ex-
perimental uncertainties to be ±7%, ±10%, ±15%, respec-
tively. Thus applying our scaling factors is not unreasonable.

Having established a reliable 6 2S1/2 TICS and the fraction
of excited state Cs in the trap, we are able to determine the
TICS �6 2P� /TICS�6 2S� ratio, as well as the electron impact
TICS from the 6 2P3/2 state. We emphasize that this is done
by subtracting the experimental 6 2S1/2 TICS from the total

TICS for all energies considered. The RMPS and CCC theo-
ries, below the onset of autoionization and core ionization
around 12 eV, are only used to establish the overall normal-
ization of these experimental cross sections. The results are
shown in Figs. 5 and 6, respectively. Note that the error bars
in both figures do not include the uncertainties associated
with the ground state TICS. The Cs TICS �6 2P� /TICS�6 2S�
ratio in Fig. 5 is also compared to the corresponding experi-
mental SICS �5 2P� /SICS�5 2S� ratio in Rb �7�. The Rb and
Cs ratios are remarkably similar at the lowest energies
�40–50 eV� of available Rb data, and despite overlapping
error bars above 100 eV, the overall trend is for slightly

FIG. 4. Experimental TICS from the Cs ground state, rescaled to
CCC and RMPS calculated SICS between 4–10 eV, as discussed in
the text. The Born SICS also show the contribution from 5p and 5s
core ionization, with calculated threshold energies of 22.9 and
38.0 eV, respectively. Tate and Smith’s �19� rescaled SICS is also
shown, indicating the contribution to the TICS from multiple
ionization.

FIG. 5. The ratios of the 2P / 2S ionization cross sections from
rubidium and cesium, as discussed in the text. Thresholds for Csn+

for n=1 to 3 are 3.89, 27.05 eV, and 62 eV, respectively, from the
ground state configuration. The corresponding Rb2+ threshold lies at
31.47 eV.

FIG. 6. The measured TICS out of the Cs 6 2P3/2 state compared
to SICS from CCC, RMPS and Born calculations. For comparison,
the results of our CCC, and Born SICS calculations for Rb 5 2P
state are also compared to the SICS data of Keeler et al. �7�.
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lower Rb ratios. We note that the Rb data only correspond to
single ionization and were obtained using very different de-
tection techniques from that of this study. The CCC and Born
SICS ratios for Rb are also shown, and are remarkably simi-
lar to their corresponding ratios for Cs at all energies.

Both Figs. 5 and 6 feature a small relative increase in the
measured Cs ionization yield beginning at �50 eV from the
otherwise monotonically decreasing cross section/ratio. Our
Born calculations for Cs use the same core orbitals; hence
the inclusion of core ionization necessarily reduces the ratio
towards unity and cannot account for the observed ratio in-
crease, despite the similarity in threshold energies. The
thresholds for Cs2+ and Cs3+, whose cross section maxima
occur at about 100 eV and 130 eV, respectively, also occur
in this energy region and their contribution to the TICS is
estimated to be �17% at �75 eV �19,9� �see Fig. 4�. Quan-
titatively, McFarland �13� finds the peak �++ magnitude to be
essentially the same for both Cs and Rb, namely �1.2
�10−16 cm2 at �100 eV. We note too that prominent broad
peaks in the electron impact autoionization cross sections
occur in precisely the same energy region �20,21� and cannot
be neglected. Nevertheless, given the experimental compari-
son with Rb SICS data, the observed ratio increase in Fig. 5
is most likely due to relative differences in the coupling of
the multiple ionization channels to the Cs ground 6 2S1/2 and
6 2P3/2 excited states.

Before discussing the excited state ionization cross sec-
tions shown in Fig. 6, attention is drawn to the Rb ground
state ionization cross sections presented in Fig. 7. This figure
compares previously published experimental data to our
CCC and Born SICS results, together with those of Kim et
al.’s binary-encounter-dipole �BED� model �22�. The follow-
ing points should be noted. First, the SICS value of McFar-
land and Kinney �9� at 50 eV was used to normalize Tate and
Smith’s relative SICS �19�, which then show excellent shape
agreement at higher energies. This also calibrates Tate and
Smith’s TICS, which are then in excellent accord with the
more recent TICS of Schappe et al. �6�. Second, Nygaard

and Hahn’s �23� Rb data are not included at energies above
the threshold for multiple ionization, 31.5 eV, as they
present �n�n+ rather than ��n+ �24�. The data below
�25 eV of Nygaard and Hahn �23� were simply scaled by
0.95, to show that its shape agrees with that of Tate and
Smith. Although the experimental results are higher than new
CCC results by �10% at 10 eV, this is within Tate and
Smith’s experimental uncertainty. Third, we note that CCC
and Born are in very good agreement for 5s ionization. Kim
et al.’s �22� 5s results are systematically larger than CCC and
Born at higher energies. Fourth, we note that, as in the case
of cesium �see Fig. 4�, the contributions of autoionization,
core, and multiple ionization are a significant part of the
TICS for Rb. This is highlighted by Kim et al.’s �22� SICS
results, which incorporate both core and autoionization �pri-
marily from 4p excitation�. These contributions could be
overestimated, as the overall result seems to agree better with
the experimental TICS, rather than SICS. They anticipate
that this latter contribution may be an overestimate, as they
used the Born method to treat autoionization. Our Born re-
sults also appear to overestimate the core ionization contri-
bution, as the resultant Rb SICS are larger than the experi-
mental SICS.

The Cs and Rb ground state ionization results of Figs. 4
and 7, respectively, are significantly different from the ex-
cited state results of Fig. 6. First, one notes the remarkable
similarity in the shapes and magnitudes in the theoretical
cross sections for the two targets. This suggests that we may
make a direct comparison of the experimental data. Second,
at �50 eV, where the Rb and Cs experimental data overlap,
their cross sections are �3.5 times larger than the CCC re-
sults. This is larger than in the ground state scenarios for
both targets, where the corresponding factor is �2. Further-
more, since the experimental Cs and Rb data correspond to
TICS and SICS, respectively, the observed difference above
50 eV is, presumably, mainly due to multiple ionization con-
tributions, as in Fig. 5. This is plausible as the relative con-
tribution of multiple ionization to the TICS appears similar
to that observed in ground state Cs and Rb �see Figs. 4 and
7�.

We cannot account for the large discrepancy between
theory and experiment below the autoionization onset at
�11 eV; i.e., the energy region where comparison is justifi-
able. We are not aware of any inherent energy-dependent
systematic error in the experiment; the same apparatus was
used in ground state total electron impact cross section mea-
surements covering a similar energy range which show very
good agreement with other available experimental and theo-
retical results �5�.

The discrepancy in excited state ionization cross section
magnitudes between experiment and best available theory is
disturbing but not unique to Cs and Rb. For example, we
note that experimental electron impact TICS from metastable
2 3S He �25� are about a factor 2 higher than state-of-the-art
RMPS �26� and CCC calculations �27�.

V. CONCLUSION

Both theory and experiment, despite the lack of conver-
gence, provide important information pertaining to the ex-

FIG. 7. Summary of the theoretical and experimental status for
ground state ionization of rubidium.
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cited state ionization cross sections of heavy alkali metals.
Autoionization and multiple ionization processes are shown
to make significant contributions to the ground state TICS.
Consequently these mechanisms need to be incorporated into
future excited state calculations to enable a legitimate com-
parison with experiment.
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