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We present total absolute collision cross sections for neon in the 3P2 metastable state with ground state,
thermal atoms and molecules using a recently developed experimental technique. The technique utilizes a
magneto-optical trap �MOT� and involves the measurement of MOT population dynamics to determine the
cross section. Collision cross section measurements are presented for metastable neon in the 3P2 state with He,
Ne, Ar, H2, O2, and N2. The average thermal energy of the collision ranges from 11 to 27 meV. The measure-
ments made using this technique have small errors, of the order of 10% of the measured cross section; the
technique is capable of producing benchmark collision cross sections.
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The study of atomic collision processes provides impor-
tant information for a number of research applications, such
as plasma physics and astrophysics. These interactions are
also important to practical applications and new technolo-
gies, such as lasers, plasma televisions, and electrical dis-
charges �1�. The data produced by experimentally measuring
these processes in the form of collision cross sections pro-
vide a means of rigorously testing theoretical quantum me-
chanical calculations. Metastable noble gases are especially
interesting since the energy content of these excited states is
higher than the ionization potential of most known atomic
and molecular species, and their lifetimes are much longer
than typical collision times in the gas phase �2�. These col-
lisions are also of general interest in excited state chemistry
�3�. Metastable states also play a role in the transfer of exci-
tation via collisions and can mediate changes in the internal
states of other atoms, a process used in devices such as the
HeNe laser.

In this investigation the average thermal energy of the
collisions is between 11 and 27 meV. At these energies the
dominant interaction between a metastable and ground state
atom during a collision event is the elastic scattering process
�1�. Other possible collision processes are associative ioniza-
tion �2� and Penning ionization �3�:

Ne* + X → Ne* + X , �1�

Ne* + X → NeX+ + e , �2�

Ne* + X → Ne + X+ + e . �3�

Experimental investigations of such collision processes
are traditionally carried out using a crossed-beam technique.
In these experiments two perpendicular collimated atomic
�or molecular� beams are crossed in a well-defined interac-
tion region and the products of collisions are then detected.
Detailed studies have been carried out for metastable rare gas
systems with various other noble gas atoms, diatomics, mol-
ecules, and electrons using a crossed-beam technique �4–11�.

Total ionization cross section measurements as well as Pen-
ning and associative ionization cross section measurements
have been performed for mixed and unmixed metastable Ne
in the 3P2 and 3P0 states �2,3,12,13�. Differential elastic
cross sections have been measured for some metastable sys-
tems using the crossed-beam method �14–16�. The angular
resolution is provided by a narrow slit placed before the scat-
tered particle detector �17�. The technique is quite useful for
differential cross section measurements but absolute cross
sections are difficult to determine since the absolute number
of target atoms as well as the the overlap volume of the
beams is required to be known accurately. This is a major
source of error for this type of experiment �18�. Velocity-
dependent elastic cross sections have been made for noble
gases with other atoms and molecules using velocity-selected
beams to alter the interaction energy �15,19�. Rothe et al.
�20,21� have measured total absolute collision cross sections
of metastable He and Ne at large average relative velocities
of 1000–3000 ms−1 using a beam-gas attenuation method.

In this paper, we present measurements for the total abso-
lute collision cross section between cold Ne* in the 3P2
metastable state and room temperature �295 K� He, Ne, Ar,
H2, O2, and N2. The experiment was carried out using a
magneto-optical trap �MOT� where Ne in the 3P2 metastable
state is confined in a potential well of approximately 4 mK.
The total absolute collision cross section is measured using a
technique that has been recently developed �22�. The method
is based upon the principle that the collision cross section
between the trapped atoms and a collision species can be
determined by measuring the trap loss rate. This is achieved
by introducing a collision species into the trapping region
thus increasing the number of collision events. Collisions
where associative or Penning ionization take place removes
an atom from the trap as the Ne is left with an internal
quantum state that is insensitive to the MOT trapping force.
Elastic collisions lead to trap loss if sufficient collisional
momentum is transferred from the hot collision species to the
trapped metastable Ne atoms. At relatively low energies the
total ionization cross section for Ne* is small compared to
the total cross section �see Table I� therefore elastic collisions
are the dominant trap loss mechanism. To make a measure-
ment, the trap loading is turned off and the change in the loss*R.Sang@griffith.edu.au
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rate is measured by observing the population dynamics of the
trapped atoms as the MOT decays. The advantage of per-
forming these studies using this method is that the MOT
provides a pure source of Ne in the 3P2 metastable state. It is
also advantageous that no knowledge of the trap population
or overlap volume is required; it is only necessary for the
loss rate and absolute density of the collision species to be
measured. This technique is similar to a method used to mea-
sure photoionization cross sections �23,24�, total absolute
electron-atom collision cross sections �25�, and total absolute
ionization cross sections from Rb �26�.

The rate of change of the number of trapped atoms is
determined by the loading and the loss rates of the trap. In a
low-density MOT, where the spatial distribution in the trap is
Gaussian, it is given by �27�

dNt

dt
= RL − Nt��B� −

�Nt
2

Veff
, �4�

where Nt is the number of trapped metastable Ne atoms, RL
is the loading rate of the trap, �B is the trap loss rate due to
collisions with residual background gas atoms, � is the
density-dependent loss rate for collisions between trapped
atoms, and Veff=8�3/2w with w being the full width at half
maximum of the trap distribution. The addition of a collision
species to the trapping region changes the population dynam-
ics and hence Eq. �4� is modified to

dNt

dt
= RL − Nt��B + �C� −

�Nt
2

Veff
, �5�

where �C is the additional loss rate due to the introduced
collision species. The cross section �, for collisions between
the trapped atoms and the collision species, can be found by
measuring �C and is given by �28�

� =
�C

n�̄
, �6�

where n is the density of the collision species and �̄ is the
relative collision velocity, which can be approximated as the
mean velocity of the collision species and is given by

�̄ =�8kBT

�m
, �7�

where T is the temperature and m is the mass of the collision
species. If the loading rate RL is set to zero then the decay
from steady state can be found by solving Eq. �5�, which
yields

Nt�t� =
Nt�0�e−t��B+�C�

1 + ��Nt�0�/Veff��B + �C���1 − e−t��B+�C��
. �8�

The loss rate due to collisions with the introduced collision
species �C, can be found by fitting Eq. �8� to the measured
trap decay. The cross section can then be found by plotting
�C as a function of n, the absolute density of the collision
species. This is a linear relationship �Eq. �6�� where the gra-
dient is proportional to the collision cross section �.

The apparatus used for the experiment has been described
in detail elsewhere �22� and can be seen in Fig. 1. Briefly, a
beam of metastable Ne atoms is created in a hollow cathode
discharge-type source that is liquid nitrogen cooled to reduce
the mean atomic thermal velocity to 500 ms−1. The meta-
stable atom flux from the source is approximately 1
�1014 atoms sr−1 s−1. The beam of atoms is subsequently
longitudinally slowed to approximately 20 ms−1 using a
counterpropagating red-detuned laser beam combined with a
Zeeman slower. The atoms are then trapped in the MOT,
which consists of three retroreflected, orthogonal, circularly
polarized, 25-mm-diameter laser beams, red detuned from
the cooling transition by typically three linewidths. The trap-
ping field has a typical magnetic gradient of 0.25 T m−1. The
cooling transition is 640.4 nm from the 3P2 metastable state
to the 3D3 excited state with a saturation intensity I0 of
4.2 mW cm−2 �27�. The lifetime of the 3P2 metastable state is
14.7 s �29�, which is much longer than any measurement
being made and so can be treated as an effective ground
state. The excited 3D3 state has a lifetime of 18.7 ns �27�.
Decay from the 3D3 state is possible only via a single chan-
nel to the 3P2 state and is a “closed transition,” that is, only
these two states play a role in the optical process.

The observed spherical atom cloud typically consists of
approximately 107 atoms with a diameter of 2 mm. The fluo-
rescence from the trapped atoms is used to monitor the popu-

TABLE I. The total absolute collision cross section from metastable Ne in the 3P2 state.

Species �̄ �m.s−1� Relative Collision Energy �meV� �M �Å2�a �R �Å2�b �TI �Å2�c

He 1249.0 27.0 164.8�0.5�15.5 123

Ne 556.3 16.2 499.1�4.1�47.1 143

Ar 395.4 10.9 837.7�15.7�79.0 398 3.46–30.5

H2 1760.0 29.4 230.1�2.8�21.7 2.6–23.4

O2 441.8 12.5 1026.8�12.7�96.9 25.5

N2 472.1 13.5 1259.0�16.5�118.8 10.4

aMeasurements are for this work. The errors quoted are, respectively, the statistical and systematic errors.
bMeasurements are from �21�, the average collision energy for these measurements is significantly higher
��115 meV�, and the quoted error is estimated to be on the order of 25%.
cThe total ionization cross section for collision with metastable Ne in a mixed composition of 3P2 and 3P0 �6�
have been included for comparison purposes. The relative collision energies are between 33 and 47 meV.
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lation dynamics. A 12-bit charge-coupled device camera with
an external optics system to provide 10� magnification is
used to measure the fluorescence.

The collision species is introduced into the trap chamber
via stainless steel gas lines with the flow controlled by a
variable leak valve. The background pressure of the MOT
vacuum chamber during operation is typically 10−8 Torr. The
partial pressure of the introduced species is monitored using
a calibrated residual gas analyzer �RGA�. The technique re-
quires the absolute pressure of the collision species to be
known accurately. The calibration of the RGA in the pressure
range of interest �10−7–10−9 Torr� was performed by the dy-
namic expansion method �30� for each gas species. The dy-
namic expansion method is utilized in vacuum systems that
are permanently evacuated by vacuum pumps. Full calibra-
tion details are given in previous work �22�. The pressure
calibration is the largest contribution to error for this tech-
nique and results in an error of 8% of the measured density
of the collision species.

Two other processes contribute to the measurement error,
the excited state fraction of the trapped atoms and recapture
after a small angle scattering event. Error due to the excited
state fraction is a result of the trapping laser beams remain-
ing in operation during the measurement. The measured
cross section will therefore have a contribution from both the
3P2�mJ=2� metastable state and the 3D3�mJ=3� excited state.
Typical operating parameters �I�2I0, 	�3
� yield a calcu-

lated excited state fraction of 1.4% of the total trapped at-
oms. This leads to an error in the measured 3P2 cross section
of only a few percent �22�.

The small angle scattering error is due to recapture of an
atom after a scattering event. Recapture can occur if the mo-
mentum transferred to a trapped atom, in an elastic collision
event, results in a velocity gain that is less than the escape
velocity of the trap. In this case the atom has undergone a
collision; however, the collision will not contribute to the
measured cross section.

The contribution to the error due to both of these pro-
cesses can be estimated by changing the trapping parameters.
In order to achieve this, the trapping laser beams are further
red detuned altering the excited state fraction and the escape
velocity of the trap. The escape velocity of the trap ranges
from approximately 5 to 35 ms−1 depending on the detuning.
For the case when the escape velocity is 5 ms−1, the mini-
mum scattering angle for Ar can be calculated to be approxi-
mately 30 mrad. The critical angle for small scattering angle
resolution is given by �31�

�c =
��


vrel��tot/2��1/2 . �9�

For Ar at 400 ms−1, �c�30 mrad, which implies that the
majority of the small angle scattering events are resolved.
The relative error associated with missing small angle elastic

FIG. 1. �Color online� Schematic of the Ne* trap apparatus, including, the metastable Ne source, Zeeman slower, trap B-field coils, and
associated laser beams.
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scattering is then 1% �32�. The same analysis can be carried
out for He and yields a smaller error of 0.1%.

Figure 2 is a typical graph of the cross section as the
detuning of the trapping laser is varied. This data shows no
change of statistical significance, suggesting that the contri-
bution to the cross section from both the excited 3D3 state
and the small angle scattering is not significant compared to
the total error.

Results are taken by measuring the total decay rate �due to
collisions with background atoms and the collision species�
��B+�C� as a function of the absolute density of the collision
species, n. The collision cross section can then be found
from Eq. �6�, as described previously. The decay rates are
measured multiple times ��10� at each pressure to reduce
the statistical error of the measurement. A fit to the data gives
the cross section with a fitting error of approximately
2–10 %. Repeating this measurement multiple times and tak-
ing a weighted average of the data reduces the statistical
error to �1%. As stated previously, the most significant con-
tribution to the error is due to the measurement of the abso-
lute density of the collision species �8%�. This error is added
in quadrature to a systematic error of 5%, which is included
to account for errors due to the excited state fraction and
small angle scattering. Table I gives the measured cross sec-
tions between metastable Ne in the 3P2 state and the ground
states of He, Ne, Ar, H2, O2, and N2. Previously reported
data for metastable Ne collisions with Ar �22� have been

updated due to an error in the density measurement for this
rare gas. It should be noted that the cross section for Ne*-He
is completely elastic since the metastable Ne atom does not
contain enough energy to ionize the He atom.

At low velocities it is expected that elastic, van der Waals
type interactions should dominate and the cross section can
be approximated as �31�

�tot�vrel� � 8� C6

�vrel
	2/5

. �10�

To estimate the total cross section over the velocity range,
the rate of collisions leading to trap loss is calculated for
each velocity using Eq. �10� and integrated from the capture
velocity of the MOT over the Maxwellian distribution. The
result can then be compared with the experimentally mea-
sured cross section. This approximation should be most ac-
curate for the Ne*-He interaction since the cross section is
entirely elastic. Using this method and C6 equal to
340 kcal mol−1 Å6 �33�, the total elastic cross section for
metastable Ne in the 3P2 state with thermal ground state He
can be calculated to be 168.9 Å2. This value lies within the
error for the experimentally measured cross section value
and further validates the cross sections measured in this
work.

We believe this measurement to be unique due to the low
energy of the collision and the relatively low error of each
measurement. For comparison purposes, the only similar
measurement from the literature is that of Rothe et al. �21�
�Table I�. In that work the total absolute collision cross sec-
tions for metastable Ne in the 3P2 state with thermal rare
gases are measured at approximately four times the collision
energy used in our work. The cross sections are roughly the
same order of magnitude as our work but are consistently
smaller. This is not a surprising result given the higher ener-
gies of the collision partners, since a trend exists for the
elastic cross section to decrease with an increase in collision
energy �34�. It should be noted that the sources of error in the
Rothe et al. �21� measurements are roughly estimated to be
25% of the measured cross section. We believe that our tech-
nique yields vastly superior measurement errors of approxi-
mately 9.5% of the measured cross section.
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