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We present a new method for measuring absolute total electron-impact ionization cross sections. The
technique measures fractional loss rates from a magneto-optical trap due to electron-impact ionization.
The method requires only relative measurements of the number of target atoms and therefore eliminates
a major source of difficulty in previous experiments. We report total ionization cross sections of Rb
for electron energies from 50 to 500 eV. [S0031-9007(96)00306-7]

PACS numbers: 34.50.Fa, 34.80.Dp, 39.10.+j, 52.20.Fs

We have developed a novel method to determinerthogonal, retroreflected laser beams tuned slightly to
absolute total electron-impact ionization cross sections bthe red of the5S;,, — 5P3, transition of Rb, with a
passing an electron beam through a trapped-atom targehagnetic quadrupole field to provide a magnetic-field
The magneto-optical trap (MOT) is operated such that theero and gradient at the center of the intersection region.
ions produced by electron collisions escape from the traforces from the lasers capture Rb atoms from a room-
while excited and elastically scattered atoms are retainedemperature vapor [10], then cool and confine them near
As compared to standard crossed-beam experiments, this= 0 where a ball (cloud) of trapped atoms forms. We
technique greatly simplifies the experimental procedure asuperpose a repetitively pulsed electron beam on this
only the electron beam current density and the fractionatloud and measure the ionization cross section as follows.
loss rate of the trapped atoms need be measured to obtaivie turn off the trapping fields (magnetic and laser) for
the ionization cross section. We avoid measurements @& short time preceding each electron pulse, leaving the
the absolute number of the target atoms and the overlap atoms in the ground state. Then the electron pulse ionizes
the atomic and electron beams, eliminating major sourcesome of the atoms, and we restore the trapping fields.
of error in the crossed-beam method [1]. lonized atoms are unaffected by the lasers so they leave

Recent progress in the theory of electron-impacthe trap volume, but nonionized atoms are recooled and
ionization, in particular the convergent close-couplingreturned to the center of the trap. The rate at which
(CCC) method developed by Bray and Stelbovics [2], hagstoms are ejected from the trap, divided by the electron
stimulated much interest. The total cross sections fobeam flux, gives the total cross section for producing
electron-impact ionization of H atoms so calculated are irRb", Rb*", ..., which we refer to as the total ionization
excellent agreement with experiment up to 500 eV [3].cross sectior) , o"*. A distinct but related quantity is
However, subsequent application of the CCC method t® , no"" which is directly proportional to the total ion
Na [4] yielded total ionization cross sections much lowercurrent resulting from electron-impact ionization.
than the experiment of McFarland and Kinney [5]. More Figure 1 shows a schematic diagram of the apparatus.
recently, Johnston and Burrow measured the ratio of théhe trapping or cooling light is provided by an external-
peak ionization cross section to th&S — 32P excitation  cavity-stabilized diode laser locked 12 MHz to the red
cross section near threshold for Na [6], and found gooaf the® Rb5S;/,(F = 3) — 5P;/,(F' = 4) transition [9].
agreement with the CCC calculations. In the case offhe diode laser is modulated at 2.91 GHz [11] to produce
He [7], the CCC total ionization cross sections for thesidebands at théS;,,(F = 2) — 5P3,(F' = 3) transi-
ground state agree well with experiment but the totation needed to keep the atoms pumped into fhe= 3
ionization cross sections from the Hé§) metastable ground level. The laser beams are 1.1 cm in diameter with
level are almost a factor of 2 lower than experimenta total power of about 5 mW. Coils on the outside of the
[8]. These new developments underscore the need fathamber provide the magnetic field gradient (28@)
improved methods for measuring ionization cross sectioneeeded for the trap. The trap produces a roughly spheri-
of ground-level atoms as well as for experiments in thecal cloud less than 0.5 mm in diameter witb® atoms at
much less explored area of ionization of atoms out ofabout 100uK temperature. The number of trapped atoms
excited levels. is proportional to the fluorescence intensity of the cloud,

We demonstrated the technique using rubidum atomsyhich we image onto a photodiode and record the current
which we have used for other atom trapping experimentsn a digital oscilloscope. An electrostatically focused elec-
in our laboratory. Other atoms may also be usedfron gun [12] produces a repetitively pulsed electron beam
including other alkalis, metastable rare gases, and alkalingf 2.5 to 9 mm in diameter (FWHM), with total current of
earths. Our MOT [9] uses three pairs of intersecting,200 to 650uA, and with pulse widths of 0.16—2.0 ms.
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10 em Since each electron pulse produces a small decrease in
£ the population of the trap, we determine the loss rate by
}f clectron gun observing slow changes in the number of ata¥h# the
: cloud. The time dependence Bfis governed by the rate

L at which atoms are captured into the trap from the room
temperature background Rb vapor, the loss Fatedue to
o e collisions with background atoms, and the loss rEf¢,
| Ty due to electron-atom collisions, whefeis the duty cycle
: of the electron beam
Z—N=L—(F0+Fgf)N. (1)
t
Beginning with no atoms in the trap we record the
& fluorescence signal at the end of each trapping cycle as
o the trap captures Rb atoms from the background vapor
FIG. 1. Scale drawing of the trapping and collision region.and comes to equilibrium. By fitting two such transients,
Not shown are two of the laser beams, the magnetic fieldor the electron beam on and off, by solutions of Eq. (1),
coils, and the diode laser with its associated stabilization angye obtainI’,. From the measured current densitywe
modulation equipment. find the cross section froror = ¢I',/J, wheree is the
electron charge. The simplicity of this relation between
A gimbal mount allows the beam to be precisely aimedthe two measured parametérisI',) and oi,, makes the
The electron beam energy and its spread.¢ eV) were  technique especially appealing. We emphasize that no
determined using a retarded-potential difference method.absolute measurement of the target density is required.

Figure 2 shows the time sequence for one trap cycle. Qur optical trap has a depth of abdutx 107> eV, so
At t+ =0, the current to the magnetic field coils is a recoiling (nonionized) atom of sufficiently high veloc-
switched off and the field decays with a 0.4 ms timejty (> 8 m/s) may escape the trapping volume. Since
constant. The 2.91 GHz modulation is concurrentlythe recoil velocity increases with increasing scattering
shifted by 200 MHz which moves the laser sidebandangle, large-angle scattering of nonionizing collisions
out of resonance with thé" = 2 — F’ = 3 transition.  contributes to the loss rate and is a potential source of
Spontaneous Raman scattering quickly (0.3 ms) pumpérror in the ionization measurement. At the energies of
the atoms into thé& = 2 ground level which is unaffected this experiment, forward scattering is dominant so cor-
by the trapping or cooling laser, thus turning off the rections due to escape of nonionized atoms from the trap
cooling action of the laser. By = 1 ms the magnetic should be small. Using Born approximation calculations
field is gone and the atoms are no longer excited by théor the nonionizing differential cross sections, normalized
laser. Negligible expansion of the cloud occurs duringto experiment, and combined with a model of the trap
this time. At ¢ = 1 ms a short electron beam pulse depth similar to Ref. [13], we estimate such corrections
impacts the atom cloud. Within is of the electron beam to the ionization cross section to be less than 2% for an
cutoff the trap is turned on again. The remaining neutralnfinitely short electron beam pulse. For a pulse of finite
atoms are recaptured, returned to the center of the traguration, the maximum velocity of the atoms that can be
the fluorescence is recorded, and the sequence is repeatestrapped is reduced since the recoiling atoms move freely
toward the outer edge of the trapping region until the laser
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on — a beams are turned back on. To experimentally account for
these lost, nonionized atoms we measure the loss rate us-

Trap <« t,,= 10-20 msec ——> ing different electron-beam pulse widths and extrapolate
off the results to zero pulse width. The results are shown

in Fig. 3. At high energies (250 and 500 eV) the slope
is quite shallow, since the differential cross sections are

o mseel | sharply peaked at small scattering angles, where the recoil
l‘i:f:"n 0.167 - 2 msec ’7 is small. At low energies the large-angle scattering be-
off i comes more prominent, giving a bigger slope to the pulse

=0 width dependence. However, the low energy electrons

o _ have less energy to impart, so even atoms recoiling with
FIG. 2. Timing diagram for one electron-beam pulse cycle.|arger scattering angles can be recaptured. As a check,

First the trap is turned off by shutting off the magnetic field d the B imation diff tial
and changing the laser modulation frequency. Then the electroff® US€U the Born approximation difierential cross sec-

gun produces a short pulse, following which the trap is turnedions and the trap model to calculate the expected slopes
back on to recapture the remaining neutral atoms. of the data in Fig. 3. At 50 eV, where the extrapolation is
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number of target particles may cause uncertainties as large
as 30% in the ionization cross sections.

In Ref. [14] Brink reported the absolute cross sec-
tions for Rb" by measuring the total ion current from
all Rb** ions. Tate and Smith [16] gave the relative
values of the positive ion current due to the production
of Rb*, RB?*, and RB* by electron-impact ionization.
Using Brink’s absolute cross sections for Riat 200,
300, and 500 eV, we obtain the cross sections of Rb
lower energies and the cross section fofRand RB" at
energies up to 500 eV from Fig. 5 of Ref. [16] allowing
A 2 that each Rb" ion generatea times the positive-ion cur-
| e rent of each Rb ion. Adding the Rb, Rb**, and RB™*

) cross sections together gives a set of total ionization cross
] sections(>., ") shown in Fig. 4 as “Expt. a” which
0.0 +—"—"——F—+—"—T————— may be compared with our data. McFarland and Kinney
0.0 0.5 10 15 20 [5] also obtained the absolute cross sections for Ry

Pulse Width (ms) measuring the total ion current. We combine McFarland’s

FIG. 3. Measured loss rates as a function of electron bearhiL 7] reanalysis of these data with the Risross sections

pulse length. of Ref. [16] to obtain another set of total ionization cross
sections which correspond to “Expt. b” in Fig. 4. Our
cross sections are larger than both set a and set b at low
most important, the calculated slopes agree with the meanergies but lie between these two sets at higher ener-
surements to better than 30%. At all energies reportedies. The difference between our Rb ionization cross sec-
here, we estimate the contribution from nonionizing pro-tion and “Expt. b” is no more than 15% in contrast to a
cesses to the observed cross section at zero pulse widthrimuch larger difference in the Na ionization cross section
be a few percent or less. between the Johnston-Burrow and the McFarland-Kinney

We determine/ by measuring the current on a long, results as shown in Fig. 1 of Ref. [6]. Nygaard and Hahn
thin tungsten wire translated perpendicular to the elecfl8] reported total electron impact ionization cross sec-
tron beam. An Abel transform of this profile, together tions in the form of}’, na"* rather thard, o" ™.
with the total electron beam current and the cylindrical Our technigque for measuring ionization cross sections
symmetry of the electron beam, gives the current densitgiffers radically from previous methods. It takes advan-
at the target. To test this procedure, we simulated ondgage of the unique properties of the MOT to determine the
dimensional scan profiles from a variety of slightly asym-
metric functions (which were more asymmetric than our
data) for which the peak value was known. In each case
the Abel transformation returned peak values that agreed
to within 2%. When combined with the uncertainty in ]
the total electron current, we estimate a 7% uncertainty i ® This work
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in the current density. We estimate our measurement un- < O Expta
certainty forl’, to be 6%, based on our systematic checks v Exptb
and fits of the solution of Eq. (1) to our data. The extrapo-
lation to zero electron beam pulse width contributes a
larger uncertainty at lower energies, decreasing from 9%
at 50 eV to 5% at 500 eV. Combining the various un-

certainties we find that the total uncertainty in our mea-

surements ranges from 13% at 50 eV to 9% at 250 and
500 eV.

In early ionization measurements an electron beam
ionized a static alkali vapor target gas, the ions were
collected on surrounding plates, then analyzed by a mass 0.0 — T T T T
spectrometer. Other measurements of ionization cross 0 100 200 300 400 500
sections [5,14] used the crossed-beam method [15], in Electron Energy (eV)
which an electron beam intersects an atomic beam and th8s 4 Total ionization cross sectid¥, o) for Rb: this

resulting ions are extracted and detected. Reference [{jork (o), Expt. a(0J), Expt. b(V). See text for explanation of
points out that the uncertainty in the determination of theExpts. a and b.
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