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Abstract. - We present the first application of optically trapped atoms as targets for a scattering
experiment. We report absolute total electron scattering cross-sections for ground-state Rb
atoms in the range of 7-500eV.

This paper reports the first measurements of collision cross-sections-using a magneto-
optical trap [1] as the target. In measuring an absolute scattering cross-section one can either
monitor scattering of the incident particle beam or of the target. Monitoring the scattering of
the incident beam requires making an absolute measurement of the target density, which
often is difficult. Monitoring the scattering of the target has the advantage that one does not
need to make an absolute measurement of the target density in order to obtain an absolute
crose-section, although one must make an absolute measurement of the incident particle flux.
The atomic beam recoil technique for measuring electron scattering cross-sections was
pioneered by Bederson and his co-workers [2). Visconti, Slevin and Rubin[3] applied this
method to measure absolute total electron scattering cross-sections of alkali atoms including
Rb. In crossed-beam experiments it is usually difficult to distinguish the nearly forward
scattering from the incident beam. In this paper we show that it is advantageous to replace
the atomic-beam target with a target of optically trapped atoms which is very sensitive to
atomic recoil. Recent advances in diode laser technology have streamlined the construction
and operation of magneto-optical traps [4). The use of an optically trapped atomic target
regults in a relatively simple apparatus and straightforward interpretation of the data. The
simplicity of the method and apparatus will make it useful for future reliable and reproducible
benchmark measurements. As a demonstration of this new technique we have measured the
total scattering cross-section for electron-Rb collisions for incident energies of 7-500 eV.

In addition to the need for reliable absolute cross-sections for understanding low-
temperature plasmas and related phenomena, Bray([5] has recently emphasized the
importance of these cross-sections toward testing theory. Studying Na, he calculated total
and ionization cross-sections and obtained agreement with the total-eross-section measure-
ments at the 20% level, but disagreed with total-ionization measurements by a factor of two.
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Fig. 1. — Schematic diagram of the vacuum cha.mber Not shown are two of the laser beams, the
magnetic-field coils, and the diode laser with its stabilization and modulation equipment. Dimensions
are to scale,

More precise experimental results, such as those presented here, are clearly essential in
order to test the state of the art in electron scattering theory.

The electron-scattering/magneto-optical trapping apparatus is depicted in fig.1. A
vapor-loaded magneto-optical trap (MOT) of Rb[6] is produced inside an ion-pumped
stainless-steel vacuum chamber (~ 107° Torr), using light from a single external-cavity-
stabilized diode laser [7] operating at the 5S,;, (F = 8) — 5Py, (F* = 4) transition of ®Rb.
The diode laser is modulated at 2.91 GHz [8, 9] in order to provide light at the F =2 > F* =3
transition needed to keep the atoms optically pumped into the ¥ = 3 level. The laser beams
are 1.1em in diameter. Magnetic-field coils external to the vacuum chamber provide the
magnetic-field gradient needed for the trap (28 G/em). This apparatus produces a cloud of
approximately 10° atoms in a 0.5mm region of space, giving a density of ~ 10" em=?
centered near B =0, The total number of atoms in the trap is propertional to the trap
fluorescence which we detect with a photodiode and record on a digital oscilloscope. The
temperature of the trapped atoms is typically 100 uK. An electron gun of a standard
design [10] produces a nearly monoenergetic electron beam with a diameter of 2.5 mm-1em
and with a total current in the range 50-300 jiA, depending on energy. Since the electron
beam is much larger than the cloud of trapped atoms, the current density is constant over the
volume of the cloud. When the electron beam is turned on, atoms are ejected from the trap
due to the electron-atom collisions at a rate '

r,=adlle, (1)

where o is the cross-section for ejecting the atoms from the trap, J is the electron current
density, and e the electron charge. By measuring I', and J, we determine o« directly from
eq. (1). ‘

The detailed. operation of the experiment is as follows. The electron beam is pulsed on as
part of a time sequence of events, summarized in fig. 2. The magnetic-field gradient is turned
off, and becomes negligibly amall in less than 0.5 ms. This ensures that the electron beam is
not distorted by the magnetic field, and no magnetic forees are applied to the atoms. At the
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Fig. 2. — Rapid time sequence of the experiment. First, the magnetic field is turned off and the
modulation frequency is shifted, effectively turning off the trap. After 1 ms, the electron beam is pulsed
on. The recoiling atoms are allowed to travel on ballistic orbits for a time ¢4, following which the trap is
turned on again and the atoms are retrapped for 30 ms.

same time the 2.9 GHz modulation frequency of the diode laser is shifted by ~ 200 MHz,
taking the laser out of resonance with the F=2—F' =3 transition. As a result of
spontaneous Raman scattering the atoms are then optically pumped into the F' = 2 state in
about 0.3 ms, and cease to fluoresce. After 1 ms the electron beam is pulsed on for 0.8—4 ms.
The atoms are then allowed to travel ballistically for a time {4y, which can be varied from
0-18 ms. This allows atoms with even very small recoil velocities to leave the trap. Assuming
the radius of the trap capture volume to be equal to the radius of the laser beams, we
estimate the capture veloeity of our trap to be only 31 ¢m/s at {,q = 18 ms, corresponding to
an electron scattering angle of only 1.6° at 10 eV. Finally, the trap is turned on again fer i, =
= 80 ms, which is sufficient time for recaptured atoms to return to the center of the trap. The
value of the fluorescence at the end of trapping time is proportional to the number of atoms
remaining in the trap. : .

Since the fraction of atoms ejected from the trap by one electron pulse is quite small,
typically < 5%, we deduce I', by observing the slow changes in the number of atoms in the
trap. This is similar in principle to the photoionization technique developed by Dineen et
al. [11]. The number of atoms N is determined by loading of the atoms from the background
Rb vapor at a rate L and loss of the atoms from the trap due to collisions with the electrons at
arate I', f (fis the duty cycle of the electron beam) as well as collisions with vacuum residuals
at a rate I';:

% =L -+ TN, 2)

Beginning with N = 0, we record the trap fluorescence transient
N(#) = No(1 — exp[~ Ty + I, )1]) (3)

as the trap fills to a steady-state number of atoms, Ny,. The transient is sampled at the end of
each trapping cycle. We do this with and without the electron beam on, and from the two
transients we determine I', and thus o from eq. (1). By collecting a series of such transients
with variable values of the ballistic flight time ¢y, we find that - tends toward an asymptotic
value -as shown in fig. 3. Since increasing {4 allows slower atoms to escape the trapping
volume, corresponding to smaller scattering angles, the asymptotic value represents the
total scattering rate of Rb atoms-by the electrons.

Given the asymptotie total scattering rate, we measure the electron beam current density
J to determine the total scattering cross-section from eq. (1). The total eleetron beam current
is measured with a Faraday cup (whose end plate is positively biased to prevent secondary
electron escape) and an electrometer. The line-integrated transverse spatial profile of the
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Fig. 8. — Dependence of the measured electron seattering cross-section o = eI, /J on L4, the amount of

time the trap is left off after the ele¢tron pulse, for an eleciron energy of 50 eV. The asymptotic value

gives the total cross-section, while the vaine at fy=0 gives an upper limit on the ionization
cross-section.

electron beam is measured at the position of the atom trap with a scanning thin-wire
(0.008 in. W) detector. Using the total electron beam current and an Abel transformation of
the thin-wire signal, we determine the current density at the trap. The use of the Abel
transform requires cylindrical symmetry of the electron beam. The thin-wire gignal was
found to be symmetric. The electron beam was quite stable, with variation of the current
density of only a few percent over several days. The electron energy is determined using a
retarding-potential difference method. The energy spread of thé elettron beam is less than
0.6 eV FWHM for -energies below 30 eV -and ineveasing slightly for higher energies. The
electron gun assembly was mounted on a gimbal mount for precise aiming of the electron

A number of systematic checks have been performed to ensure that the agymptotic
cross-sections are accurate. The asymptotic cross-sections were studied while varying the
lagser intensity, laser detuning, laser beam diameter, {,,, electron beam spatial profile,
electron beam pulse duration, and the electron beam current density. As a result of these
studies, and using various fitting functions to determine the asymptotic value of I',, we
estimate that the uncertainty in determining I',is about 6%. The other principal source of
uncertainty in our results is the determination of the spatial profile of the electron beam
deduced from the scanning thin-wire measurements, the error in which we estimate at 7%.
We, therefore, conclude that the overall uncertainty in our results is about 9%.

The total cross-section for electron scattering from Rb(5S) atoms is shown in fig. 4, along
with the previous results of Viscotti &t al.[3]. We find excellent agreement at 7eV. Also
shown in fig.4 are abeolute ionization cross-sections measured by McFarland and
Kinney [12], and absolute 5S-5P optical cross-sections, normalized to theory at high energy,
as reported by Chen and Gallagher {13]. Qur total eross-sections in the high-energy range are
smaller than the sum of these partial croas-sectiens.

We can also determine an upper limit on the ionization cross-section from our data by
noting that for fuy =0 the measured cross-section is the sum of the total ionization
cross-section and the large-momentum-transfer scattering from other processes. Figure 3
shows an example at 50 eV. At all energies we obtained upper limita congistent with the
values of ref.[12].



R. 8. SCHAPPE et al.: ELECTRON COLLISION CROSS-SECTIONS MEASURED ETC. 443

—16
cm

cross-section (10

10°
electron energy (eV)

Fig. 4. - Absolute electron scattering cross-sections as a function of energy. @ Total eross-sections (this
work). ¢ Crossed beam measurement (ref. [3]). + Optical eross-section for 58-6P, normalized at high
energy to theory (ref.[18]). + Ionization cross-section (ref.[12]).

The principal advantage of our technique for determination of total cross-sections is the
substantial simplification of the apparatus as compared to atomic beam experiments and the
straightforward interpretation of the measurements. The system is quite compact; the
vacuum chamber, diode laser, and all associated opties fit within 1 m?. The data analysis
consists of fitting two separate exponential transients and the measurement of the electron
beam current density. The current density is the only absolute quantity required. Also we
note that the atom trapping technology used is now quite widespread, especially with the
ease of use of diode lasers. The advantages of having a well-localized, cold source of atoms for
a target in a scattering experiment are great.

The use of a MOT for scattering experiments should prove to be a powerful tool for
reliable measurements of cross-sections. The apparatus described here should be readily
adaptable to measurements of scattering from heavy ions or atoms. Another advantage of
MOTs is the ability to produce substantial quantities of excited-state atoms. It should be
feasible to saturate the resonance transition and measure scattering from P states and to
produce substantial populations in the D states as well. Since MOTs have been demonatrated
for a wide variety of atoms, including the alkalis, the metastable rare gases, and the alkaline
earths, there are a wide variety of species to which this technique is applicable.
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