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We describe a crossed electron beam-atomic beam apparatus which utilizes a pulsed electron gun
and field free drift tube to obtain time-of-flight~TOF! spectra of electrons scattered from atoms and
molecules. This apparatus was constructed for the purpose of obtaining inelastic-to-elastic
differential cross-section~DCS! ratios in the energy range extending from threshold to several eV
above the threshold of the inelastic channel. The TOF approach eliminates the need for complicated
calibration procedures required when using conventional electrostatic electron energy-loss
spectroscopy~EELS! at these low energies. The characteristics of the apparatus will be given, along
with representative TOF spectra from carbon monoxide. From those spectra we obtained DCS ratios
at 90° scattering angle for excitation of thea3P state of CO, in the impact energy range of 6–15 eV.
These ratios were measured with uncertainties as small as64%, which represents a substantial
improvement over previous measurements in this energy range. This demonstrates the feasibility of
using the TOF technique to measure DCS ratios which in turn can serve as secondary standards to
normalize other inelastic DCSs obtained from measurements with EELS. ©1996 American
Institute of Physics.@S0034-6748~96!01904-2#

I. INTRODUCTION

A. Brief background

Differential cross sections~DCSs! for electron scattering
from gases are required for the detailed understanding and
modeling of electron interactions with various atomic and
molecular species. Examples of such phenomena are found
in electric discharges, plasmas, and the upper atmosphere.
Even though there has been considerable effort expended to
obtain DCS measurements from a multitude of target atoms
and molecules for all electron impact energies, there remains
one outstanding problem: no reliable and convenient method
has been found to measure absolute inelastic DCSs at impact
energies near threshold. Low-energy experimental results are
particularly needed to evaluate various theoretical ap-
proaches aimed towards DCS calculations, since the approxi-
mations used for DCS calculations at high impact energies
no longer work near threshold, making the numerical calcu-
lation more complicated and difficult.

The success achieved in DCS measurements has been
two sided. On one hand, elastic DCS measurements over a
wide range of electron impact energies and scattering angles
have been obtained with uncertainties approaching65%. On
the other hand, the success has been more modest concerning
inelastic DCSs. Most of the inelastic measurements have
been carried out at electron impact energies lying well above
the excitation threshold. As the impact energy approaches
the threshold, experimental difficulties arise which bring
about large uncertainties in the measured inelastic DCSs. In

what follows, we will summarize the experimental problems
involved in measuring inelastic DCSs at electron impact en-
ergies near threshold, describe our approach to the problem,
and present some results obtained from CO to demonstrate
our procedure.

B. The problems in conventional DCS measurements

The inelastic scattering of an electron (e) from an atom
or molecule (X) in the ground state can be expressed

e~Eo!1X~ I.E.50!→e~Er ,u,f!1X~ I.E.5El !,

whereEo5Er1El ; Eo is the kinetic energy of the incident
electron;Er is the residual kinetic energy of the outgoing
electron; andEl is the energy lost from the electron which
has gone to exciting the atom or molecule and raising its
internal energy~I.E.!. u is the polar angle that the outgoing
electron makes with respect to the trajectory of the incoming
electron, andf is the azimuthal angle measured around the
axis made by the trajectory of the incoming electron. In most
experiments the target molecules and the spin vectors of the
incoming electrons are randomly oriented, thus there is no
azimuthal dependence. Note that the outgoing electron may
not be the same as the incoming electron.

DCS measurements are usually carried out with electro-
static electron energy-loss spectrometers~EELSs!. In an
EELS experiment, a well defined, nearly monoenergetic
beam of electrons of nominal energyEo is directed towards a
gaseous target. A detector is placed at an angleu with respect
to the incident beam and detects electrons over a small an-
gular range around the nominalu. The detector has an elec-
trostatic energy analyzer. It is used to select a certain energya!National Research Council Resident Research Associate.
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of scattered electrons (Er), corresponding to the excitation of
a specific energy leveli in the target molecule. The count
rate from the detectorI i(Eo ,u) can be related to the DCS for
that channel by the following equation~after some approxi-
mations!:

I i~Eo ,u!5DCSi~Eo ,u!F~Er !G~V!I o . ~1!

Note: We distinguish here the measured differential cross
section~DCS!, which always represents some averaged value
over the energy and angular resolution of the apparatus, from
the differential cross section]s/]V, which refers to a unique
Eo andu. In Eq. ~1! I o is the incident electron beam current
~in particles per second!, andF is the instrumental response
function ~IRF! of the detector, and is dependent on the re-
sidual energy of the scattered electrons.G depends on the
finite volume defined by the overlap of the electron and tar-
get gas beams which lie in the field of view of the detector.
It is given by the integral

G~V!5E
V
n~r ! f ~r !DV~r !dr , ~2!

where n is the number density of the target gas,f is the
function which describes the spatial distribution of electrons
in the beam, normalized to unity, andDV is the solid angle
subtended by the entrance to the detector with respect to the
point r ~see Ref. 1 for more details!.

The difficulty in measuring a DCS lies in obtainingF
andG. They require a precise knowledge of the spatial dis-
tribution of the gas density, the flux distribution in the elec-
tron beam, the scattering geometry, and the overall IRF,
which includes transmission factors in the electrostatic lenses
and energy analyzers, and the quantum efficiency of the elec-
tron multiplier typically used in these experiments. In addi-
tion, those factors must be kept free from drift during the
long acquisition times necessary to get meaningful data. All
of these requirements are difficult to satisfy at low impact
energies. The most accurate absolute DCSs measured so far
are those for elastic scattering by He. Thus, He has been
extensively used as a standard from which elastic DCSs for
many other atoms and molecules have been measured, by
means of the relative flow technique.2,3 The utilization of
elastic DCSs to get inelastic DCSs is hindered byF.

In a typical measurement of an inelastic DCS for a chan-
nel i in an EELS experiment,Eo andu are fixed, whileEr is
scanned over a range that includes the elastic channel
(Er5Eo) and the energy loss channeli . The inelastic DCS
can be found by taking ratios of the count rates for both
processes, and so from Eq.~1! we have

I i~Eo ,u!

I el~Eo ,u!
5

DCSi~Eo ,u!

DCSel~Eo ,u!

F~Er !

F~Eo!
, ~3!

where the subscript el refers to the elastic channel. Provided
one has the elastic DCS for the gas under study, the deter-
mination ofF is all that remains. At high impact energies,
and therefore high residual energies,F does not vary signifi-
cantly with the residual energy and theF ratio is approxi-
mately unity. However, at low residual energies, theF ratio
can vary quite drastically with the residual energy within a
few eV. It depends on a complex interplay between electro-

static lens aberrations, surface conditions present in the en-
ergy analyzer, and the electron impact energy.F must be
determined empirically during the course of the experiment,
ideally under the same conditions that the data were taken.
Several means to measureF have been devised, but these
have their limitations.3,4 So far, no reliable and convenient
solution to this outstanding problem has been devised.

C. The time-of-flight approach

Our approach to this problem was to eliminate the elec-
trostatic energy analyzer and the associated collection optics
altogether and replace them with a field-free drift tube. By
pulsing the incident electron beam, we obtained time-of-
flight ~TOF! spectra of the scattered electrons. Instead of
dispersing the scattered electrons in space according to their
energy, they were dispersed in time. Under proper operating
conditions, the inelastic to elastic scattering intensity ratios
derived from structures in the TOF spectra are equivalent to
the corresponding DCS ratios. As there were no electrostatic
optics these intensity ratios should be independent of re-
sidual energy, impact energy, and scattering geometry. In
other words, theF ratio in Eq.~3! was reduced to unity.

The advantages of the TOF approach for electron impact
experiments~i.e., its simplicity, and its potential to detect
electrons with equal efficiency no matter what their energy,
even sub-eV energies! have been noted in earlier studies.
Those efforts were mainly concerned with the study of elec-
trons ejected following electron impact ionization of atoms
and molecules.5–8 The TOF approach has also been used to a
great extent in order to measure total cross sections for
electron-gas scattering at sub-eV energies by using the
method of electron transmission through static gas cells.9–12

Our work is the first application of TOF electron spectros-
copy to the measurement of DCS ratios for inelastic scatter-
ing in a crossed beam experiment. Preliminary reports of this
work have been presented at conferences.13,14

II. APPARATUS

A. General description

The apparatus~see Fig. 1! consists of a simple electron
gun and a 20-cm-long drift tube, oriented at 90° with respect
to each other. The gun and the drift tube are placed in a
double magnetic shield inside a large vacuum chamber. The
double magnetic shield was necessary in order to meet the
stringent field requirements for TOF spectroscopy of low-
energy electrons.9 We were able to reduce the field strength
to ;2 mG after degaussing the inner shield. The degaussing
was applied after the vacuum chamber was closed by passing
100 amps ac from an ordinary welding machine through a
five-turn solenoid which surrounded the inner shield. The
vacuum was maintained by a 25 cm diffusion pumped
charged with Santovac® oil, and reached a base pressure of
131027 Torr. A liquid-nitrogen trap was used to reduce
backstreaming from the diffusion and mechanical pumps. In
order to maintain the cleanliness of critical surfaces, the en-
tire apparatus was operated at 150 °C, using bi-coaxial resis-
tive heaters which have virtually no magnetic field. The con-
struction materials were aluminum and molybdenum, and
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brass screws were used as fasteners. Care was taken so that
no aluminum pieces or brass screws were exposed to elec-
trons. Two Faraday traps were placed as shown to reduce the
intensity of reflected electron pulses in the TOF spectra. The
target gas beam emanated from a molybdenum capillary
tube.

B. The pulsed electron gun

The simple electron gun was designed using the electro-
static lens tables of Harting and Read.15 Some modeling of
the electron gun was also carried out using the ion trajectory
program SIMION.16 Our design requirements called for a
highly collimated beam of at least 100 nA at 5 eV. The
actual gun was built out of aluminum components for
economy, but all apertures and deflectors were made from
molybdenum. Aluminum surfaces exposed to the electron
beam were painted with Aquadag®. A thoriated tungsten
hairpin filament was used as the electron source, with the
initial beam formed by a Pierce element. Referring to Fig. 1,
lens 1 ~L1! focuses the beam onto the skimmer aperture.
After passing through the skimmer, lens 2~L2! focuses the
electron beam onto the target gas beam. The three short de-
flector plates were used for aligning the electron beam with
the apertures in the electron gun. The longest deflector plates
were used to create the pulses of electrons. The electron gun
performed very well, producing up to 200 nA of current in
the dc mode at energies as low as 2 eV. The diameter of the
electron beam at the interaction region was approximately
1–2 mm over the energy range used in the experiment, as
measured by scanning a slit across the electron beam. We
should point out that our electron gun was designed and
operated so that the kinetic energy of electrons passing be-
tween the longest plates was 20 eV for any electron impact
energy (Eo).

The method of producing short pulses of electrons by
sweeping an electron beam across an aperture has been re-

viewed many times before. We refer the reader to the excel-
lent exposition of the physical principles in the article by
Bakker,17 which covers the case where the rise time of the
deflecting voltage is faster than the time taken by the elec-
trons to pass between the plates. From Bakker’s analysis, the
width of a pulse,tp , produced by sweeping an electron beam
of diameterB across an aperture of diameterA is given
approximately by

tp5
A1B

~eVo /meS!~2t1
214t1t214t2

22 1
3 t r

2!1/2
, ~4!

wheree is the electron charge;Vo is the voltage between the
plates which deflects the electron beam away from the aper-
ture at the start of the sweep~the polarity is reversed by the
completion of the sweep!; me is the electron mass,S is the
separation of the plates;t1 is the transit time of the electrons
through the plates;t2 is the transit time of the electrons from
the exit edge of the plates to the aperture; andt r is the rise
time of the sweeping voltage. According to the geometry of
our design~S58 mm, length of plates53 cm, distance from
plates to aperture55 mm! we calculatedtp51.9 ns using a
deflection voltage of 2.5 V which is reversed by the end of
the 5 ns sweep. This amounts to about 1200 electrons per
pulse for a 100 nA electron beam.

We initially used the sweeping method to produce the
electron pulses, but a peculiar problem arose. We swept the
beam back and forth across the aperture with a square pulse
of 5–10 V, having a rise time of 5 ns. The pulse was capaci-
tively coupled to the deflection plate through a 10 nF capaci-
tor, as shown in Fig. 1. This of course produces two electron
pulses per cycle~one can apply a delayed pulse to other
plates so that the beam does not pass across the aperture on
the return sweep!. The peculiarity was that TOF spectra from
pulses produced by the outgoing sweep were different in
structure from those produced by the return sweep. Further
investigation indicated that the electron impact energy had
shifted from the calibrated value~see below! for both the
outgoing and the return sweep pulse by 1–2 eV, depending
on the amplitude of the applied electric pulse. The energy
shift was higher than the calibrated value on the outgoing
sweep, and lower on the return. This indicated that an axial
electric field component was present in the deflector during
the sweeping, possibly due to fringe fields and/or the inho-
mogeneous electric field components between the plates. We
took no special design considerations with the deflection
plates to eliminate fringing.

To circumvent this problem, we opted to pulse the elec-
tron beam by the toggle method. In this case, the electron
beam is deflected to one side by a dc voltage, and a triangle
pulse with an amplitude equal to the deflection voltage is
applied. A sufficiently short triangle pulse would result in
electron pulses comparably short to those obtained by the
sweep method, with little loss in resolution. The average
electron impact energy of these pulses was found to be iden-
tical to that obtained by calibration~see below!. At the peak
of the triangle pulse there is no electric field, and so, no
temporal axial gradient to accelerate the electrons. We typi-

FIG. 1. View of the TOF apparatus from above. Legend: EG—electron gun,
DP—deflection pulse, FT—Faraday traps, DT—drift tube, MCP—
multichannel plates, L1—lens 1, L2—lens 2. The molybdenum capillary
tube which forms the gas beam is located at the cross hair, with the flow
directed out of the page.
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cally used triangle pulses 2–3 V in amplitude, with a rise
time of 10 ns.

When pulsing an electron gun, the elements will pick up
the pulse through capacitive coupling, usually resulting in a
‘‘ringing’’ of the elements’ voltage on the up or down tran-
sition of the applied electric pulse. To remedy this, one at-
taches capacitors between every element and ground~i.e., the
wall of the vacuum chamber!. In our case, we used 0.01mF
ceramic disk capacitors, which reduced the ringing to less
than 20 mV in amplitude on every element. This small
‘‘ringing’’ voltage could not account for the energy shift we
observed when using the sweeping method to produce
pulses.

C. Calibration of the electron impact energy

To calibrate the electron impact energy, we built a neu-
tral metastable particle detector, similar to one which has
been described previously.18 It was simply a box containing
a 1 cm square piece of tantalum, which was heated to 200 °C
to maintain a clean surface, and a Spiraltron® electron mul-
tiplier ~Galileo model 4219!. There is a hole in the box to
expose the tantalum to the interaction volume created by the
intersection of the electron and gas beams. Biased grids
cover the hole in order to keep out electrons and ions. Adja-
cent to the tantalum is the open mouth of the Spiraltron®

which is biased at1200 V with respect to the grounded
tantalum. Metastable particles with an excitation energy
greater than the work function of tantalum~4.1 eV! are de-
tected when they impinge on the tantalum and eject electrons
by Auger emission.

Calibration was accomplished by operating the electron
gun in the dc mode, ramping the impact energy, and acquir-
ing the count rate of metastable particles with a multichannel
scaler. For example, when working with CO, we measured
the threshold for CO~a3P! production at 5.160.2 V, indicat-
ing a contact potential of 0.9 eV, since the excitation energy
of CO~a3P! is 6.01 eV. CO~a3P! has a lifetime of several
milliseconds, depending on its vibrational state. Our meta-
stable detector was placed 30 cm from the interaction region,
directly in the beam of gas effusing from the capillary tube.
This was close enough to produce a good count rate. This
arrangement also worked well with He, even though most He
metastables recoil significantly following electron impact.

Another means to calibrate the electron impact energy
scale comes from the TOF spectra. We calibrated the time
scale in the TOF spectra with a high-accuracy, precision
digital delay generator~SRI model DG535!. By measuring
the time between two sharp features in a TOF spectrum~i.e.,
using He as the target gas! and knowing the energy levels
they correspond to, we calculated a contact potential of 0.9
eV, confirming our result for He from the metastable detec-
tor. Note that, as stated earlier, this was the case only when
we used the toggle method to produce electron pulses.

Along the same lines of reasoning, yet another means of
calibration would have involved measuring the time between
the arrival of photons produced by electron impact fluores-
cence and the elastic peak. However, the extremely weak
fluorescence intensity at low electron impact energies made
this impossible. At the higher energies needed to increase the

fluorescence intensity, the fluorescence structure and the
elastic structure were close enough to significantly overlap,
and the elastic signal was several orders of magnitude greater
than the fluorescence signal and so calibration in this situa-
tion was prone to large errors.

D. The interaction region

The interaction region was enclosed in a box formed out
of molybdenum sheet metal, and was kept at ground poten-
tial. The top of the box was open to allow the gas beam to be
pumped away, and expose the metastable detector to the in-
teraction volume. The gas beam was formed by a 6-cm-long
molybdenum capillary tube with an internal diameter of 1
mm. It protruded vertically from the bottom of the box, and
was in good electrical contact with the box. The driving pres-
sure behind the capillary was typically about 1 Torr. The
orifice of the capillary tube was 6 mm below the electron
beam. The intersection of the electron and gas beams takes
place 2.5 cm from both the exit and entrance apertures of the
electron gun and drift tube, respectively.

Opposite to the exit aperture for the electron gun, at a
distance of 25 cm, was a box which functioned as a Faraday
trap to collect the electron beam. Its opening was covered
with molybdenum mesh, and the collector plate inside the
box was biased by145 V with respect to ground. We found
this necessary because without a bias on the collector plate,
an echo of the incident electron pulse would appear in the
TOF spectra; with a bias the echo was reduced by 80%. It is
possible to reduce the echo even more by using a longer
Faraday trap, but we were limited in space. Opposite to the
entrance aperture of the drift tube at a distance of 10.0 cm is
another Faraday trap like the one just described. Its function
is to remove the echo from TOF spectra caused by electrons
which scatter elastically from the target gas and bounce off
the wall of the magnetic shield back into the drift tube.
While it was not possible to completely remove the echo
pulses from TOF spectra, we measured their contribution to
be less than 0.5% of the inelastic intensity, at worst.

E. The TOF drift tube

There have been many TOF spectrometers made prima-
rily for photoelectron studies. Often these have some means
of magnetic or electrostatic focusing so that all of the emitted
electrons can be collected. Our goal was to collect only those
electrons which scattered into the solid angle defined by the
apertures of the drift tube. There must not be any fields in
either the interaction region, or in the drift tube. However, it
must be pointed out that even in the cleanest vacuums, patch
fields can form on metal surfaces which are strong enough to
significantly alter the trajectories of electrons with less than 1
eV of kinetic energy.

Our drift tube was constructed out of aluminum, but its
inner walls were lined with sheet molybdenum 0.1 mm thick,
and the apertures were made from the same material. We
designed the experiment in such a fashion that once electrons
enter the box that surrounds the interaction region, the only
surfaces they were exposed to at close range~for up to 20
cm! were made of molybdenum. Electrons which scattered
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into the drift tube continued to ‘‘see’’ only molybdenum
until they reached the multichannel plates. All of the molyb-
denum pieces were pressed tight together to form one con-
tinuous unbroken surface, and this surface was grounded to
the vacuum chamber wall. The use of one metal eliminates
contact potentials detrimental to the collection of low-energy
electrons.

We feel that a few comments should be made on the
choice of molybdenum. It has been our experience and that
of others studying low-energy electron scattering from gas-
eous targets,19,20 that molybdenum is in general resistant to
chemical reactions that can take place in the presence of
gaseous targets and electrons. Thus, it is least susceptible to
contamination and has the weakest patch fields of any metal.
The use of colloidal graphite coatings such as AquaDag® or
AeroDag® G, available from the Acheson Colloid Company
in Michigan, USA! on metal to reduce patch fields is com-
mon. However, both of these colloids contain nonconductive
binders, and whether or not these binders can form patch
fields that effect low-energy electrons, especially when the
apparatus is baked, appears to remain an unanswered ques-
tion. Some have found that once a graphite coating has aged
a week or more, it loses its effectiveness. One group has
reported21 that bare molybdenum surfaces work fine for low-
energy electron work, provided the target gas is fairly inert,
but a coating of AeroDag® over the molybdenum is neces-
sary when the target molecules are reactive. Ibach has de-
scribed a high-performance EEL spectrometer for use in sur-
face science.22 It was made of copper, and coated with
colloidal graphite in order to reduce patch fields. It has a
reported resolution of just under 1 meV, demonstrating the
effectiveness of the solution. However, it has not yet been
demonstrated if this resolution can be attained for experi-
ments on electron scattering from gaseous targets, where the
background pressure is higher, by several orders of magni-
tude, than that used in surface studies; and where the low
density of the target gases necessitates the use of electron
beam currents that are higher than those used in surface sci-
ence.

The molybdenum in our apparatus was carefully cleaned
in the following manner prior to assembly. It was scrubbed
with an abrasive metal cleanser~Bar Keeper’s Friend®,
which contains oxalic acid! using extra fine grit abrasive
scrubbing pads~ScotchBrite®!; rinsed in tap water; given an
ultrasonic bath in distilled water; and finally blow dried with
oil-free compressed air. Once assembled and under vacuum,
the apparatus was baked for at least two days to remove all
water contamination.

At the end of the drift tube, the electrons must pass
through a ‘‘slat grid’’ constructed from strips of molybde-
num. The ‘‘slat grid’’ separates the field free drift region
from the post-acceleration region. It is better than using an
ordinary grid for the same purpose since the presence of the
latter will create transverse components of the electric field
which deflect low-energy electrons.9 In addition, it is easy to
clean. The strips were separated by a distance equal to one
fifth of their width ~1.6 cm!, reducing field penetration by a
factor of 1000.

Once pass the ‘‘slat grid,’’ the electrons find themselves

in the post-acceleration electric field created by the 450 V
bias on the surface of the first multichannel plate~MCP,
from Galileo!. We choose a voltage large enough so that the
detection efficiency was virtually independent of residual en-
ergy for the range of impact energies in this experiment.5 We
used three stacked MCPs to produce large output pulses.
Each MCP has an active surface area 40 mm in diameter,
with a 0.5 mm gap between each plate. A resistor ladder
network was used to supply the bias voltages to the MCPs,
similar to an arrangement described earlier.8 Our resistor lad-
der was made from ordinary 0.5 W carbon resistors, and
placed behind the MCP assembly in the vacuum. The bias
voltage across each MCP was approximately 900 V. We op-
erated at a background pressure around 631026 Torr ~cali-
brated by the ionization efficiency factors for ion gauges23!
for months without any noticeable effect on the MCPs, even
though they are not recommended for operation above
231026 Torr. A word of advice which we learned the hard
~and expensive! way: MCPs areextremelyhygroscopic and
are best stored in a vacuum when not in use for more than a
day ~at least with our humidity!.

The apertures in the drift tube define a solid angle with
an apex of 6.4° at the intersection of the electron and gas
beams. The distance from that intersection to the front of the
slat grids was 20.0 cm; the distance across the ‘‘slat-grid’’
was 1.6 cm, and the distance across the post-acceleration
region was 1.4 cm. We calculated the TOF of the electrons
by assuming field free drift through the slat grids, and a
uniform post-acceleration field. The former gave a TOF~in
ns! of 364/AEr , whereEr is the residual energy in eV. The
time in post-acceleration was virtually the same for all re-
sidual energies up to 10 eV, about 2.060.1 ns.

F. Electronics

Voltages to the electron gun were supplied by a bank of
potentiometers. Pulses for the deflector plate were delivered
by a Hewlett-Packard 8111A pulse generator. TOF spectra
were acquired using an Ortec 437A time-to-amplitude con-
vertor ~TAC! in conjunction with a Nuclear Data 62 multi-
channel analyzer. Both the pulser and TAC were started by a
homebuilt pulser operating at 100 kHz. We operated at count
rates that were low enough~less than 500 Hz! to avoid TAC
pile-up. Pulses from the MCPs passed through two cascaded
preamps~Avantek GPD 401! and a constant fraction dis-
criminator~EG&G Ortec 934! before being fed to the stop of
the TAC. The pulses from the MCPs had a rise time of about
1 ns, with a bit of overshoot on the falling edge. No geo-
metrical measures were taken towards impedance matching
the MCP output to the coaxial cable~as is found in some
ultrafast applications24! since a timing resolution of 1 ns was
sufficient for our needs.

G. Resolution

There are several factors which contribute to the resolv-
ing power of a TOF electron spectrometer. Those which con-
tributed the least in our instrument include the finite width of
the interaction volume, weak electric and magnetic fields,
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space charge, and time resolution. The two dominant factors
in our instrument were the energy spread of the incident
electron beam, and the pulse width.

Let us consider first the energy spread of the electron
beam. A pulse, which leaves the skimmer, will broaden as it
travels away from the skimmer because of the energy distri-
bution of electrons emitted by the thermionic source. Even
though Eq.~4! was derived for a monoenergetic beam, we
can approximate the broadening of the pulse width due to the
energy spread by treating the resulting dispersion separately.
Let td be the time broadening due to this dispersion. The
time, t ~in ns!, it takes for electrons of energyEo ~in eV! to
travel a distanced ~in cm! is given by t516.87d/AEo . A
packet of electrons with an energy distribution having a
FWHM given bydE, all starting att50, will spread out into
a packet of width

td58.44d
dE

Eo
3/2. ~5!

Thus, if the packet has an initial temporal spread given by
Eq. ~4!, then we can expect that pulses at a distanced to have
a temporal spread given bytp1td . Assuming a quasi-
Maxwellian energy distribution in our beam, with a FWHM
about 0.6 eV~typical of thermionic sources!, a pulse of 10
eV electrons will broaden by an additional 1.7 ns at the in-
teraction volume in our apparatus. The sum of Eqs.~4! and
~5! serve as an ideal limit to the pulse width. Thus, in our
example, the FWHM of the pulse at the interaction region
will be almost 4 ns wide, if using the sweep mode. We can
expect nearly the same result with the toggle mode. There
will probably be some additional broadening due to the
fringe fields of the deflection plates and the electric fields in
the final deceleration stage of the electron gun.

The resolution of our TOF electron spectrometer can be
calculated by application of Eq.~5! to the electrons scattered
into the drift tube. Consider two features in a TOF spectrum
at times t8 and t9 corresponding to electrons with residual
energiesEr8 andEr9 . We will consider the two features to be
just resolved if they are separated in time by an amount equal
to half the sum of their FWHMs. If we make the approxima-
tion thatut82t9u,(t81t9)/2, and letEr8 ' Er9 ' Eav 5 (Er8
1 Er9)/2, then the minimum energy separation that can be
resolved,DEmin , is given approximately by

DEmin'
Eav
3/2tw

8.44D
1dE, ~6!

where tw is the width of the pulse at the interaction region
@calculated from Eqs.~4! and~5!#, andD is the length of the
TOF drift tube. Equation~6! makes physical sense. No mat-
ter how much we shorten the pulse or increase the length of
the drift tube, the resolution is limited by the energy spread
of the incident electron beam. In addition, the energy reso-
lution becomes worse for highEav, that is, shorter flight
times.

As an example, consider a TOF spectrum of electrons
scattering from CO withE0510 eV. Electrons which excite
the CO~a3P! and CO~A1P! states will consequently have an
average residual energy of about 2.5 eV. This gives a reso-

lution of 0.7 eV, which leaves plenty of room to separate the
two features, but the vibrational structures will be unre-
solved.

III. EXPERIMENTAL RESULTS

A. Spectra, intensity ratios, and cross sections

Two TOF spectra of electrons scattered elastically from
a gaseous target are shown side by side in Fig. 2 forE052
and 5 eV. In each casetd was calculated using Eq.~5! with
d531.6 cm~distance from the skimmer in the electron gun
to the end of the field-free drift! anddE50.6 eV, and sub-
tracted from the measured FWHM. The difference between
the measured FWHM andtd was about 3 ns at 5 eV, but this
increased to 8 ns at 2 eV. The 3 ns difference is probably a
good indication of the actual pulse width at the skimmer. The
higher value at 2 eV is probably due to broadening that oc-
curs as the electron pulse is decelerated from 20 eV at the
skimmer to 2 eV in the interaction region. A common feature
to the pulses in Fig. 2, and those obtained at other impact
energies, is the remarkably good fit to a gaussian function
~using the least-squares method!. The Gaussian shape of the
pulses is a result of the convolution of several factors; nota-
bly the energy spread of the electrons and the radial profile
of the electron beam at the skimmer.

Figure 3 shows TOF spectra obtained from CO~99.99%
purity, Matheson! for various impact energies. We chose CO
as the first candidate of study for several reasons:~a! the
lowest lying state, CO~a3P!, is easily resolved from other
states;~b! a detailed and painstaking measurement of the
DCS for electron impact excitation of thea3P state at near
threshold energies was being carried out concurrently by an-
other group~Zobelet al.25! using a conventional electrostatic
EELS; and~c! CO is an important astrophysical molecule. In
Fig. 3 one can see the elastic peak and the inelastic features
due to excitation of CO~a3P!, CO~A1P!, and the ionization
continuum. Note that the background in each spectrum is
flat. In addition, the background count rate was three to four

FIG. 2. TOF spectra of the elastic peak forE052 and 5 eV. The solid line
is the Gaussian fit to the data.
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orders of magnitude lower than the maximum for the inelas-
tic features. This indicated very little leakage of electrons
from the electron gun when in the off mode. Each spectrum
took approximately 30 min to acquire.

We define the ratioR to be the intensity of the feature
due to excitation of CO~a3P! divided by the intensity of
elastic scattering. Determination of the intensity of each fea-
ture was straightforward forE0,10 eV. At 10 eV and higher
the A1P feature began to overlap with thea3P feature. It
became necessary then to employ a computer program to
unfold individual intensities by fitting up to five gaussians to
each feature. This worked well, but we did not go beyond
E0515 eV because of the increasing uncertainty. The ratios
have been tabulated in Table I. The ratios were checked for
linearity with respect to electron beam current and target gas
pressure. We found no detectable departures from linearity
for dc electron beam currents up to 200 nA~the limit of our
gun! and background gas pressures up to 131025 Torr. Our
measurements were taken at 160 nA dc, at a pressure of
631026 Torr. We have multiplied our ratios by the elastic
DCS data of Gibsonet al.26 for CO at 90°~see Table I! to
determine the DCS for CO~a3P! at 90°. The resulting inelas-
tic DCS data are also tabulated in Table I and plotted in Fig.
4. We have also plotted the measurements made by Zobel
et al.25 and Middletonet al.;27 and the theoretical calcula-
tions of Sunet al.28 ~which are based on the Schwinger mul-
tichannel variational method!.

It can be seen that the agreement between the present
results and those of Zobelet al. is exceptionally good, except
for the 7.5–8.5 eV range. The uncertainty in the DCS mea-
surement of Zobelet al. is 624%. The uncertainty in our
measurement atE0510 eV comes from adding the uncer-

tainty inR~4%! with the uncertainty of the elastic DCS mea-
surement~7%! in quadrature to obtain68%. It is significant
that two independent methods agree so closely. Because of
the nature of the calibration scheme used by Zobelet al.,
they were not able to extend their measurements beyond 9.7
eV. Extrapolation of our measurement toE0520 eV indi-
cates a good agreement with the measurement by Middleton
et al.There is also fairly good agreement with the theoretical
calculations belowE0510 eV.

B. Uncertainties in the measurement of R

We cannot resolve the elastically scattered electrons
from those which have excited the vibrational levels of the

FIG. 3. TOF spectra of CO which includes elastic and inelastic features for
various impact energies. Each spectrum was aligned with the elastic feature,
and displaced upwards for clarity. The zero of the time scale is arbitrary. The
tiny spike at 30 ns is noise.

FIG. 4. DCS for electron impact excitation of CO~a3P! at 90°. Legend:
~d!—DCSs derived from our TOF ratios and the elastic DCS data of Gibson
et al. ~Ref. 26!; ~—! Zobelet al. ~Ref. 25!; ~D! Middletonet al. ~Ref. 27!;
~L! Sunet al. ~Ref. 28!. Representative error bars are shown for the TOF
results and those of Zobelet al.

TABLE I. Inelastic to elastic intensity ratios (R) for CO~a3P! as derived
from TOF spectra at 90° for various electron impact energies, expressed in
percentages. Also shown are the elastic DCSs for CO at 90° from Ref. 25 in
units of 10217 cm2/str, and the resulting DCS for CO~a3P! in units of 10218

cm2/str. The numbers in parenthesis give the absolute error~6! for each
measurement. Elastic DCS data obtained by polynomial interpolation are
denoted by* .

E0 ~eV! R ~%! Elastic DCS CO~a3P! DCS

6 0 ~0! 7.10 ~0.48! 0.00 ~0.00!
6.5 4.03 ~0.3! 6.60* ~0.46! 2.66 ~0.27!
7 7.58 ~0.07! 6.00* ~0.42! 4.55 ~0.32!
7.5 11.5 ~0.2! 5.42 ~0.35! 6.24 ~0.42!
8 15.7 ~0.2! 4.95* ~0.35! 7.77 ~0.55!
8.5 18.9 ~0.5! 4.58* ~0.32! 8.66 ~0.65!
9 20.9 ~0.8! 4.29 ~0.28! 8.97 ~0.68!
9.5 20.4 ~0.8! 4.05* ~0.28! 8.24 ~0.66!
10 18.4 ~0.7! 3.87* ~0.27! 7.12 ~0.57!
10.5 16.2 ~0.7! 3.81* ~0.27! 6.17 ~0.51!
11 13.9 ~0.6! 3.76 ~0.25! 5.23 ~0.41!
11.5 11.6 ~0.5! 3.67* ~0.26! 4.26 ~0.35!
12 10.8 ~0.5! 3.55 ~0.23! 3.83 ~0.31!
12.5 9.81 ~0.5! 3.40* ~0.24! 3.34 ~0.29!
13 9.17 ~0.5! 3.27 ~0.21! 3.00 ~0.25!
13.5 8.79 ~0.5! 3.17* ~0.22! 2.79 ~0.25!
14 8.37 ~0.6! 3.09 ~0.20! 2.59 ~0.25!
14.5 8.33 ~0.7! 2.97* ~0.21! 2.47 ~0.27!
15 8.23 ~0.8! 2.86 ~0.18! 2.35 ~0.27!
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ground state. The contribution of the latter can be neglected
since the DCS for this process at 90° is almost three orders
of magnitude smaller than the elastic cross section for our
energy range.29,30 The contribution of electrons which have
excited other triplet states neara3P, namely, thea83S1 and
d3D states, also can be neglected since their energy loss fea-
tures overlap more with theA1P feature and the DCSs for
excitation of these states are at least two orders of magnitude
smaller than the DCS fora3P.25 The contribution from scat-
tering by the background gas to the elastic peak was found to
be less than 0.5%. The intensities in the TOF spectra were
large enough to reduce the statistical uncertainty to about
0.4%.

The largest error inR ~for certain energies! came from
day to day variations of about 3%. The source of the varia-
tion appeared to stem from the beam steering of the final
deflector plates. For each measurement ofR the final deflec-
tor plates were adjusted to maximize the intensity of the
metastable signal measured by the warm tantalum detector.
While this maximized the electron beam overlap with the gas
beam, we could not be sure that the angle between the in-
coming electron beam and the axis of the TOF tube was
precisely 90°, but estimate that it was within 1°. This varia-
tion was worse aroundE059 eV, presumably since the DCS
of CO~a3P! varies steeply with angle at 90° at that energy.25

We also found thatR could be made to vary by a few percent
by changing the focus of the final lens, L2. When measuring
the ratios, the focus of L2 was always adjusted in order to
maximize the intensity of the metastable signal. The result of
the focusing action is that the trajectory of each electron
through the interaction region is not exactly at 90° to the axis
of the TOF drift tube, but~ideally! the average angle of all
trajectories should be close to it. We found that by defocus-
ing the beam slightly, we could increase or decrease the ra-
tios by a few percent, which indicated that the electron beam
was not entirely uniform over its radius. There were two
focusing modes of L2. The strong mode resulted in a small
overlap with the interaction region, but a large spread of
angles, which lead to a greater variation in theR. We used
the weak focusing mode, where the spread of angles was
much smaller, even though the beam was wider. The day-to-
day adjustments of the beam steering voltage and the focus-
ing voltage probably occurred because of the gradual con-
tamination of the electrostatic elements by oil vapors which
escape trapping. In fact, we found that over a few weeks the
ratios would decrease by;10%. At this point we would
disassemble the apparatus and clean it. The ratios were re-
peatable once the experiment was again under way.

Another contribution to the uncertainty of our ratios in
Table I came not from the experiment, but has to do with
unfolding thea3P feature from theA1P. At energies above
10 eV, the uncertainty inR grew larger, to about610% at
E0515 eV. This estimate was based on our confidence in the
computer program used to unfold the features in the TOF

spectra, as determined by unfolding artificial spectra where
the ratios were known. In the future we hope to construct a
pulsed electron gun with better energy resolution in order to
resolve the vibrational features in the TOF spectra and thus
reduce the need for unfolding.
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