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A mass selective electron-impact ionization detector for use in energy resolved thermal He
scattering experiments is presented. The detector combines a short effective ionization region
(approximately 3 mm FWHM) with a high detection efficiency of 1073 at 2 mA electron emission.
An efficiency of 10™* at 10 mA emission current can be achieved if time resolution below 20 us is
dispensable. The design is discussed and measurements of detection efficiency and time resolution
are presented. The ionizer can likewise be employed for an efficient detection of other types of

atoms or molecules.

I. INTRODUCTION

He detectors find an important application in vacuum
science (leak testing) and, more specialized, as detectors in
He surface scattering devices. Although a number of differ-
ent mechanisms can be utilized to detect He atoms,’ only the
electron-impact ionization detector’ combines reasonable ef-
ficiency, simplicity of design, and a detection time resolution
in the lower microsecond range for thermal energy atoms
(i.e., at kinetic energies between 10 and 100 meV).

This type of detector is commercially available for rest
gas analysis in a multitude of models. However, these are
generally not optimized for both efficiency and time resolu-
tion. A fairly good compromise with respect to this problem
were ionizers like the model 041-1 from the former Extra-
nuclear Laboratories, Inc., which have a geometry similar to
the one in Ref. 3 and an effective ionization length of about
5 mm.* However, this device can detect only about one atom
in a million in a thermal He beam. This probability is far
from the theoretical limits at an electron emission current of
5 mA. There is obviously still opportunity to achieve a
higher efficiency and also a shorter ionization length. The
demand for this development is primarily triggered by in-
elastic He surface scattering where an increased efficiency
will either reduce the measuring time (typically in the range
of 1 min—1 h for energy resolved measurements) or will
allow improvement of both angular and energy resolution.

Inelastic thermal energy He scattering is a method which
allows the study of surface phonons of solid samples with
high-energy resolution.” The necessity for a good time reso-
lution and a short length of the ionization volume of the
detector arises from the fact that in these experiments the
energy analysis of the scattered atoms is most commonly
accomplished by the time-of-flight (TOF) method, where the
thermal energy He beam is chopped mechanically, and these
short pulses disperse on their flight path to the detector. The
longer the intersection of flight path and ionization volume,
the larger the uncertainty in the length of the individual flight
path for a detected atom. This uncertainty reduces the energy
resolution of the experiment. For a typical beam energy of 18
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meV and a flight path of 1 m, the ionization region (INR) of
the detector must be shorter than 5.5 mm in order to allow a
detector energy resolution of better than 0.2 meV. The total
energy resolution in machines presently used is typically 0.5
meV.® Increasing the time resolution requires a shortening of
the length of the INR, which in consequence reduces the
detector efficiency, because the electron charge density in the
INR cannot be increased arbitrarily (see Sec. II). The length
of the INR is the most important contribution to the detector
time resolution for thermal energy beams. Other contribu-
tions are the distribution of ion. flight times between ioniza-
tion and ion detection and the jitter in the electronics (includ-
ing the jitter in pulse formation and in channeltron rise time).
These two factors are negligible in the example given above
(beam_energy 18 meV, energy resolution 0.2 meV) as the
required time resolution is only 6 us.

In this paper we present the design of an ionization de-
tector with high performance for energy resolved He surface
scattering. Based on ion-optical arguments we will show
how the efficiency for ionization and the transmission
through the quadrupole mass analyzer (QMA) can be in-
creased by the ionizer design. The ionizer presented here has,
in addition to a very short ionization region (=3 mm
FWHM), an ionization efficiency of 10™* for thermal He
atoms at 10 mA electron emission. »

The paper is organized as follows: In Sec. II we discuss
the operation principles of the ionization detector and focus
on the aspects which are important for improved perfor-
mance. The ionizer design is presented and described in Sec.
III A, while two designs for background reduction are dis-
cussed in Sec. III B. In Sec. IV we present measurements of
efficiency and time resolution, the two important properties
of the ionizer, and conclude with a summary in Sec. V.

li. ELECTRON-IMPACT IONIZATION AND MASS
SELECTION

Figure 1 shows the successive stages in the detection of
a thermal energy neutral particle beam. The atom enters the
detector from the left and drifts through a volume surrounded
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FIG. 1. Schematic of an electron bombardment ionization detector with
mass selection by a QMA. Below the scheme the factors that determine the
counting rate / are introduced. For the ionization region INR (shaded area)
we show a side view and, above, the cross section. The molecular beam of
diameter d which passes freely through the device is indicated by the two
dashed lines and two large arrows. The electrons radially traverse the beam
as symbolized by the small arrows outside the INR. The small arrows within
the molecular beam symbolize the ion paths.

by a cylindrical grid. An electron beam is accelerated to-
wards the grid, traverses the molecular beam and thus defines
the INR in which ions are created. After extraction from this
region the ions are injected into a mass selective device,
either a magnetic sector analyzer or a QMA. We use the
latter, because it has a variable mass resolution and the ion
transmission is almost independent of the ion velocity over a
wide range. The mass selected ions leave the QMA and are
accelerated towards the channeltron entrance at a potential of
—2.5 kV. Practically every ion reaching the channeltron cre-
ates an electrical pulse, which is amplified and transformed
into a standard pulse for further processing.

In the following we discuss quantitatively aspects of the
He ionization with regard to the properties of the QMA.

In the INR, the electrons emitted by a hot filament are
accelerated towards the grid, traverse the thermal energy
atom beam, and ionize atoms with a probability determined
by the cross section for electron-impact ionization (which is
a function of the electron energy). Assuming that the charge
density is sufficiently low and the ionization efficiency is
much smaller than unity everywhere in the INR, the integral
ionization efficiency for a cylindrical geometry, in which all
electrons pass through the axis of the molecular beam, is
given by
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Here, k is the ratio between the number of created ions
I'y.+ and the number of incoming thermal atoms I}, (see also
Fig. 1), 0, the ionization cross section of a He atom for
electron bombardment at the given electron energy, and d the
diameter of the thermal beam in the INR.” 7 is the mean
number of INR crossings for an emitted electron, (1/v) the
mean reciprocal velocity in the thermal beam, and I,- the
filament electron emission in electrons per time unit (particle
current).® With 0,,=3.5X10"%' m? (at its maximum at
E=110 ¢V),’ a beam diameter of d=1 mm, 7=3 (see Sec.
IV A), the mean value of the reciprocal velocity in the flux of
an effusive He beam at 300 K (1/v)=(1260 m/s)"!, and an
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electron emission of 1.25x10'6 57! (charge current: 2 mA),
the theoretical efficiency limit is thus 1.3X107%,

We note here that although Eq. (1) has been derived for
a strictly radial electron beam, the calculation for the oppo-
site extreme, a homogeneous electron distribution in the
INR, yields the same formula except a factor of 1 instead of
the prefactor 4/7r. We also note that the length of the INR
does not appear explicitly in Eq. (1). However, the INR can-
not be made arbitrarily short, because of charge-density ef-
fects that will be discussed in the next two paragraphs.

An ion created by electron impact suddenly experiences
the electric field due to the electron charge distribution and
due to the fields from adjacent electrodes. The positive ion
sees a potential well with a minimum on the INR axis. For an
emission current of 2 mA, an INR length of 3 mm, and a
cage diameter of 8 mm, the potential minimum is approxi-
mately 24 V more negative than the grid potential (see Ap-
pendix). Ions created within a cylinder of 4 mm in diameter
around the axis of the INR originate from potentials that
differ by more than 6 V and thus give rise to a corresponding
distribution of kinetic energies in the ion beam. The conse-
quence is a spreading of the flight times on the path between
ionizer and channeltron, resulting in a contribution to the
time resolution of the detector. The contributions to the ve-
locity spread that arise from the thermal velocity of the par-
ent atom and from the momentum transfer by the ionizing
electron are both negligible (E,;,<0.1 eV just after the ion-
ization). These contributions do not have to be taken into
account even for ion trajectories within the INR. For count-
ing rates that are typical for He scattering devices (<10°
s™1), the ion charge density can always be neglected.

Also in the direction along the INR axis a potential well
can result from the electron charge density so that ions that
are created inside the well might be trapped. The potential of
the extracting electrodes must thus be low enough to avoid
the formation of such a pit. The possible trapping of ions and
the increasing width in the ion velocity distribution are the
main reasons why the charge density in the INR should not
exceed a certain limit.

The extracted ions pass through a lens system and are
subsequently injected into a QMA. In order to achieve a
proper mass separation the He ions must spend a certain
number of cycles in the high-frequency quadrupole field.
Thus the maximum kinetic energy of the ions shall not ex-
ceed a certain limit. In order to well separate the He ions
from the H, background, this limit is 60 ¢V'® when a QMA
with a length of 210 mm and a resonance frequency of 4.5
MHz!"! is employed. The injection of ions into the QMA has
to occur close to the QMA axis. The ions will pass through
the QMA on stable trajectories if the ion-beam diameter and
its divergence are small enough. In the four-dimensional
phase space, in which the space and velocity coordinates
along the beam axis are not taken into account, the volume
of transmittance on stable trajectories is represented by an
ellipsoid. The shape of the ellipsoid depends on the phase of
the high-frequency field at the instance when the ion enters
the QMA. Stable trajectories can be obtained for all phases
when the divergence for a beam focused onto the QMA en-
trance is smaller than a certain value which depends on ion
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velocity, QMA dimensions, and mass resolution.'* For a 60
eV He* beam and an effective QMA electrode distance of
2R(=16.7 mm, the maximum accepted angle with respect to
the axis is 12°. For the same parameters the maximum ac-
cepted beam diameter for a perfectly collimated beam is 3
mm. With increasing deviation from perfect collimation the
accepted beam diameter is continuously reduced; it vanishes
when the angle of divergence becomes 12°. The conditions
imposed on the ion beam when injected into the QMA are
thus rather strict. We will take these aspects into account
when discussing the ionizer design in the next section.

An important improvement of the performance of the

complete detector assembly.can be achieved by enhancing’

the capture of the ions that exit the QMA. The solution of the
equations of motion for the ions within the mass filter'? leads
to the conclusion that the distribution of the ions leaving the
filter is by far broader in (six-dimensional) phase space than
the distribution of the injected ions. This is due to the fact
that the ion energy is not conserved in the presence of the
strong oscillating electric field. We estimate that ions leaving
the QMA may possess energies up to several hundred elec-
tron volts.! The lower energy ions may exit with an angle of
45° or more with respect to the QMA axis.'* We conclude
that the ion collection efficiency f,, (see Fig. 1) is probably
much smaller than 1 and we guess that this is the most sig-
nificant residual loss of ions in the detection process. In order
to detect as many ions as possible, we developed a deflector
plate (described in Sec. III B), which also pushes those ions
into the channeltron which follow more extreme trajectories.

lll. DETECTOR DESIGN
A. lonizer design

In the previous section we saw that an estimate for the
theoretical ionization efficiency at 2 mA emission is
1.3x107* However, the commercial detector achieves a to-
tal counting efficiency of only about 1076 at 5 mA emission
(see Sec. IV B). It can be concluded that either the number of
created ions is smaller than it could be or a significant part of
the created ions is lost on the way to the channeltron. In this
section we will show that both can happen, and we will
discuss means to increase the efficiency.

First, in the commercial ionizer (model 041-1), the elec-
trodes next to the filament are at filament potential or even at
the much more positive potential of the grid itself. Part of the
emitted electrons is thus drawn towards these electrodes and
is accordingly lost for ionization. From the solid angle under
which the cage and the other electrodes are seen from the
filament, it is estimated that up to 80% of the emitted elec-
trons may be lost.

Second, it is only by the extractor potential that the ion
paths in the INR can be controlled. This may be sufficient as
long as charge effects within the INR play no significant role.
Increased charge densities, however, create potential pits that
trap ions if no compensating field can be applied.

Third, the maximum efficiency of the commercial ion-
izer is reached when the extractor potential is tuned to its
minimum voltage (—18 V with regard to the cage). Extend-
ing the voltage range for the extractor would improve the
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FIG. 2. Design of the ionizer. Rep=repeller electrode, FS=filament shield,
INR=cage made of Ta wire enclosing the ionization region, Fil=electron
emitting Ta filament surrounding the cage, Ex=extractor electrode, L=lens
electrode. All the electrodes are electrically isolated from each other by

ceramic spacers or sapphire balls. Their potentials are individually con-
trolled.
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efficiency. However, the resulting increase in the electric
field within the comparatively long INR may broaden the
distribution of the ion flight time in the QMA and may thus
reduce the detector time resolution.

We developed a design that suppresses these three dis-
advantages. The design is inspired by calculations of the
electric potential on the points of a spatial grid!® and on ion
trajectory simulations,'® and is based on the following con-
cepts.

The first idea is to better utilize the electrons emitted
from the filament. To this end we place on the sides of the
filament two electrodes (FS 1 and FS 2 in Fig. 2), the poten-
tial of which can be set so that electrons are repelled. Almost
all of the emitted electrons are thus accelerated towards the
INR. 7

The second consideration is the following: It is well
known that ion optics (like classical optics) cannot compress
the phase-space volume occupied by the particles in a beam.
The QMA establishes strict phase-space margins if the in-
jected ions are to follow stable trajectories (see discussion in
Sec. II). The ion optics can only serve to adapt as well as
possible the phase-space volume of the ion source to the
shape of the phase-space volume accepted by the QMA. This
adaptation can essentially be accomplished by a single lens.
Therefore we have to construct the INR as a source that
provides ions which are already concentrated within a small
phase-space volume. A perfect ion source would create all
ions at the same potential and focus them into a single point.
Then all ions could be refocused at the QMA entrance under
an angle small enough to allow stable trajectories and thus
100% transmission could be achieved. Our approach to
maximize the transmission is to introduce more control over
the ion paths within the INR.

The space charge due to the electrons in the INR creates
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a potential well (with the minimum on the beam axis) in
which the ions oscillate about the INR axis while they are
extracted. Initially the momentum of the ions forms a large
angle with the INR axis.'” The cage is given a conical shape
so that reflections from the walls of the potential well reduce
the angle between ion trajectory and beam axis. For a ho-
mogenous charge distribution the conical cage also leads to a
potential gradient in the direction of the beam axis.'® As this
gradient should not be too large, the full angle of the cone
was chosen to be 9°.1

In order to improve extraction, a repeller (Rep in Fig. 2)
is mounted opposite to the extractor. It pushes ions back
from the beam entrance of the INR, thereby supporting the
action of the extractor, which pulls the ions towards the exit.
Both repeller and extractor together control the longitudinal
field inside the INR. To obtain the same velocity spread in
the ion beam as in conventional designs, this field can be
chosen stronger because the region within which ions are
created is shorter, as we will see in Sec. IV C.

As the aperture of extractor 1 extends almost over the
whole diameter of the INR, the electric field of the next
electrode (which has to be more negative than extractor 1)
extends into the INR and controls the extracting field near
the INR axis. It is for this reason that this electrode is labeled
extractor 2. However, it also acts as a first focusing element.

Power supplies from the former Extranuclear Company,
Inc., are used as ionizer power supply and QMA supplies.
Extractor 1 is connected to an output that can be set between
—100 and +50 V off the cage potential, leaving no restric-
tions to the maximization of efficiency. The additional volt-
ages needed for two independent filament shield electrodes,
the repeller, and two additional lens electrodes are provided
by separate voltage dividers of an external —1 kV supply.
The filament shields require an additional transistor circuit
which provides a low output impedance, because an incom-
ing electron current of several milliamperes should not
change the selected potential.

A feature not improved in our design is the limitation of
the supply for the electron bombardment energy to about 100
eV. As the maximum ionization efficiency for He is obtained
at 110 eV and the potential on the axis of the INR is some
20-30 V more negative than the cage potential, the ionizer in
fact operates some 30—40 eV below the optimum electron

energy for He ionization. An increase of the electron energy-

would also reduce the space-charge effects in the INR. The
additional improvement due to a supply with a larger voltage
range for the cage could increase the efficiency by a factor of
2 at most.

We would like to emphasize that the improvement of the
ionizer is not restricted to the ionization of He. It can also be
used for a more efficient detection of any type of atom or
molecule. If a different species is to be ionized, the necessary
changes concern the electron energy (to achieve optimum
ionization efficiency) and an increase in QMA resolution (m/
Am>10). For example, a reduction of electron energy results
in more severe space-charge problems in the INR, while an
increase in resolution reduces the maximum allowed ion ve-
locity and further restricts the QMA injection conditions.
Both maximum allowed velocity and injection conditions are
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FIG. 3. (a) Schematic setup of the complete detector device with four dif-
ferentially pumped UHV chambers. The letters represent: A—ionizer,
B—tight fitting of the removable detector assembly (shaded part) to the
UHV chamber III, C—QMA, and D—channeltron box. (b) Deflector design:
The main scheme shows a section through the channeltron box, the inset on
the right hand side gives a three-dimensional aspect. The numbers represent:
1—QMA exit, 2-—deflector, 3——channeltron entrance, 4—channeltron, and
5—exit of neutral beam.

determined by the required mass resolution and scale as
vAm/m 12

B. Background reduction

In order to achieve a large signal-to-noise ratio an ex-
tremely low background pressure is required in the INR.
Therefore the neutral beam has to pass freely through the
detector without hitting any obstacle, so that no source of
diffuse He is created close to the INR. The detector unit
shown in Fig. 3(a) consists of four differentially pumped
UHV chambers. The INR is placed in chamber III, which is
connected to the scattering experiment via the differentially
pumped chambers I and II. These two pumping stages are
particularly important when a low intensity He signal is de-
tected, while the bulk of the He beam scattered from the
sample under investigation (e.g., specularly reflected atoms)
is not directed into the detector line but gives rise to a sub-
stantial He partial pressure in the sample chamber.

After having passed the INR the directional neutral beam
enters chamber IV, where it is randomized by wall collisions.
Chamber IV is differentially pumped, so that no large back
flow into chamber HI occurs which would result in an in-
creased He background pressure in the INR. The only open-
ing between chambers III and IV is the QMA entrance, a
tube of 6 mm inner diameter and 13 mm in length, which is
labeled L 4 in Fig. 2.

lonization detector 3461



It is known already from the early experiments with
QMAs that their linear geometry (in contrast, for example, to
mass separation in a magnetic sector field) leads to a signifi-
cant background counting rate by photons® and slow meta-
stable neutrals that are created in the INR. In order to reduce
this background, the channeltron has to be “out of sight” of
the INR. Different geometries have been proposed.”’ We
chose the geometry sketched in Fig. 1 in which the entrance
plane of the channeltron is parallel to the beam axis. The
channeltron entrance potential of —2.5 kV is strongly attrac-
tive for the positive ions. Ion trajectory calculations, how-
ever, indicate that only a small part of the broad ion distri-
bution leaving the QMA (see Sec. II) will actually hit the
channeltron entrance. The chosen geometry is favorable only
if a deflector plate [Fig. 3(b)] is introduced. It is placed out-
side the trajectories of the neutrals, but its electric field bends
the diverging trajectories of the ions towards the channeltron
entrance. The experimental maximum of detection efficiency
is obtained for deflector potentials between +500 V and
+600 V if the channeltron entrance is at —2.5 kV. The effi-
ciency increases by a factor of 20 compared to a grounded
deflector.

IV. EXPERIMENT AND DISCUSSION

In this section we present measurements of the two es-
sential properties of the detector: efficiency and time resolu-
tion. These two properties could not be measured with the
same setup. Instead, two different types of molecular beams
are needed, because an a priori well characterized molecular
flux distribution is provided best by an effusive beam, while
a highly monoenergetic velocity distribution, which is nec-
essary to determine the time resolution, is generated best by
a supersonic nozzle beam. Thus we can not discuss in full
detail the correlation between efficiency and time resolution.

First of all, we will briefly introduce the adjustment pro-
cedure for the various ionizer potentials, as this is essential to
obtain optimum performance.

A. Efficiency maximlzaﬂon

For the adjustment procedure we assume that the QMA
has already been properly adjusted and the channeltron is set
to about —2.5 kV.

The procedure of maximization of efficiency begins by
setting all lens voltages to ground potential. The cage
potential”’ is set between 40 and 60 V for a He beam (see
maximum kinetic energy allowed by the QMA in Sec. II).
The filament potential is set to —100 V with respect to the
cage voltage. The deflector potential with respect to the
ground is +550 V. The filament shields are set 10-40 V
more negative than the filament, with FS 1 more negative
than FS 2. Extractor 1 is set 5-10 V more negative and the
repeller 5-10 V more positive than the cage voltage. The
emission current is set to the desired value (0.01-15 mA).?
Next the voltage of extractor 2 is lowered beginning from the
voltage of extractor 1 until the counting rate exhibits a maxi-
mum. Finally, lens 2 is tuned to increase the counting rate to
an even higher maximum. At this point a significant counting
rate will be reached and several fine tuning cycles can fol-
low. Most reasonably, each cycle begins with the potentials
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determining the electron paths, then the ion paths in the INR
are readjusted. The procedure continues step by step towards
the QMA entrance and finishes with the deflector plate.

Extractor 1 is usually set about 10 V negative with re-
spect to the cage and extractor 2 another 10-50 V more
negative. When the voltage of extractor 1 is increased to
approach the cage potential and becomes even more positive,
the counting rate can exhibit a sharp maximum. In this situ-
ation TOF measurements usually show a tail of delayed ions.
Due to the increased potential of extractor 1, the effective
exit aperture of the INR which is formed by the electrostatic
potential is obviously narrowed. The INR forms an ion cage
from which ions can escape only when they pass through
extractor 1 close to the beam axis. In our interpretation the
observed maximum is due to a reduction of the phase space
occupied by the ions, i.e., it is due to the improvement of the
ion source quality. Whenever maximum time resolution is
dispensable, this setting is favorable.

While the control of the ionization region requires the
adjustment of five potentials, there is usually no need to ad-
just more than one of the lens electrodes, for example, lens 2.
The other lenses can be kept at ground potential without
essential loss in efficiency.

In order to obtain an estimate of 7, the number of times
an electron traverses the INR, the filament shield voltages are
chosen slightly more positive or somewhat more negative
than the cathode. In the first case emitted electrons are accel-
erated in all directions and not all of them will traverse the
ionization region. When reaching the opposite side of the
INR, the probability of traversing the INR once more is very
small. However, for filament shields that are a few volts
more negative than the filament, all emitted electrons are
accelerated towards the INR and when emerging on the op-
posite side, they are reaccelerated towards the INR. The ratio
of the counting rates between these two situations was mea-
sured to be 3. This value can be interpreted as an upper limit
for the number of times an emitted electron traverses the
INR. The result can be compared to the one obtained for a
simple model which assumes that the electron transmission
of the cage equals its optical transmission.? In fact, for the
optical transmission of the mesh of 85%, a mean number of
3 passes is obtained. As this model neglects other aspects, we
will assume in the following that the true value lies between
2 and 3.

B. Experimental detection efficiency

The detection efficiency is defined as the number of ions
counted by the channeltron divided by the number of He
atoms passing through the ionization region. Figure 4(a)
shows the setup used to determine the detection efficiency
for He. A room-temperature effusive beam passes through a
diaphragm and is detected by the ionization detector. The
solid angle of the diaphragm as seen from the source is
6.8X107% sr and all molecules pass through a cylindrical
volume of 1.5 mm in diameter in the center of the INR. For
estimates of ionization efficiency, however, the effective
beam diameter of 1 mm has to be used because the intensity
of the real beam decreases with increasing distance from the
axis, which is due to the finite diameter of the source aper-
ture. The effusive source is calibrated by measuring the time
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FIG. 4. (a) Geometry of the setup used to measure absolute detection effi-
ciencies. (b) Efficiencies for He detection as a function of electron emission
current in double-logarithmic presentation. The experimental data (with er-
ror bars) obtained for a 300 K effusive beam of 1.5 mm diameter are shown.
The crosses mark the results at maximum efficiency when tails in time-of-
flight measurements have been suppressed. The shaded area represents the
range of the theoretically estimated ionization efficiencies k [from Eq. (1)].
The dashed line indicates the efficiency of the commercial ionizer (see text).

within which a gas reservoir of known volume V, and initial
pressure p; supplies the effusive cell. When the pressure in
the reservoir has dropped to a value p; after the time At and
the flux from the cell was held constant during this time, the
flux of molecules from the effusive source has obviously
been

N PPy @

kgTAt

All parameters in this formula except the pressure can be
determined with an accuracy of a few percent. The absolute
accuracy of the flux thus equals the accuracy for a calibrated
Pirani manometer (corrected for He) which is +10% accord-
ing to the supplier.”* In view of the cosine distribution of the
effusive source, the flux in forward direction (i.e., perpen-
dicular to the aperture of the effusive source) into a solid
angle AQ<1 is A=NAQ/.

In Fig. 4(b) we plot efficiencies as a function of electron
emission. The measured detection efficiencies for the detec-
tor presented here are marked by error bars, which indicate
the absolute accuracy. For each measurement the detector
efficiency was maximized as described in Sec. IV A. At
emission currents above 1 mA, tails appear in time-of-flight
measurements, which reduces the effective time resolution of
detection. The crosses in Fig. 4(b) mark the maximum effi-
ciencies when the proper detector time resolution is restored.
The ionization efficiency &, which is only one factor in the
detection efficiency (see Fig. 1) is estimated from Eq. (1) and
represented here by the shaded region. The height of the
region results from the fact that the exact value for 7 in Eq.
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(1) is not known (2=<#%=<3). The detection efficiency of the
commercial detector (Extranuclear model 041-1, with QMA
model 4-324-9 and channeltron)* is indicated by the dashed
line.

The comparison of the different detection efficiencies in
the most frequently used range of the emission current (1-10
mA) shows the following: The measured detector efficiency
yields more than 10% of the theoretical efficiency of the
ionizer alone (shaded region). The detector is improved with
respect to the standard commercial system by a factor of
50-75 at 1 mA electron emission current, where the first
figure holds for the case of suppressed TOF tails. At 10 mA
emission the improvement is, respectively, 10 and 50. The
efficiencies given in Fig. 4(b) are directly applicable to a
monochromatic beam of v =1260 m/s, which corresponds to
a supersonic He beam at 150 K nozzle temperature.

C. Experimental time resolution

To our knowledge detector time resolutions near 1 us
have not been measured directly so far. This parameter is
generally obtained as the residual error in time-of-flight mea-
surements after the contributions from beam chopping and
energy spread of the molecular beam have been subtracted.
Here, we present a measurement which is dominated by the
excellent time resolution of the detector.

The FWHM of the measured time-of-flight spectra does
not depend strongly on the detailed electrode voltage set-
tings. However, if only the efficiency is maximized without
paying attention to time resolution, tails emerge at electron
emissions above 0.5 mA. The tails have maximum intensities
of some 10% of the peak height and extend over approxi-
mately 20 us. Tails, however, have to be suppressed com-
pletely for time-of-flight measurements. In general, this
problem does not arise for small emission currents. At higher
currents, however, the space charge in the INR becomes im-
portant and a significant amount of ions may become trapped
in the INR for a few microseconds before they pass through
the exit of the INR.

In the following measurement of the detector time reso-
lution we are mainly interested in determining the effective
ionization length which corresponds to the width of the
formed electron beam. No detailed investigation on ion trap-
ping and the formation of tails is undertaken.

The high-vacuum setup used for the experiment [see Fig.
5(a)] is described in detail elsewhere.?® In short, it consists of
a high-pressure He nozzle source which creates a highly
monochromatic room-temperature He beam. Pulses of 0.7 us
FWHM are generated by a tiny chopper®® which is posi-
tioned at a distance of 150 mm from the INR of the detector.
The pulse dispersion on this flight path is A7=0.7 us
FWHM. In Fig. 5(b) and 5(c) we show .the measured time
response of the detector in this setup at 5 mA electron emis-
sion current with repulsive filament shields. No significant
tails are visible. In Fig. 5(b) the measured pulse width of 1.8
pus FWHM is dominated by the detector resolution. This be-
comes apparent from Fig. 5(c), where the width of the time
response is narrowed down to 1.4 us by changing one fila-
ment shield potential.
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FIG. 5. Time response of the ionization detector to a short thermal energy
He pulse. (a) Experimental setup employed for the measurement. The chan-
nel width of the analyzer is 1 us. (b) and (c) show measurements of the
detector time response. The short horizontal lines represent the counting rate
accumulated in the multichannel analyzer. The dashed lines are Gaussians
that reproduce the measurements when being integrated over the channel
width of the analyzer. The arrows mark the full width at half maximum of
the Gaussian. Measurement (b) was recorded at 5 mA electron emission
with repulsive filament shields (FS 1: —40 V, FS 2: —9 V with respect to the
INR). (c) was recorded under the same conditions as (b) except that the
potential of filament shield 2 was lowered by 6 V (FS 2: —15 V).

At thermal beam energies, the length of the INR is the
most adequate quantity to describe the time resolution of the
ionizer, because supplementary contributions like the ion
flight time dispersion and the electronic broadening are
smaller than 0.5 us. With the He beam velocity of v =1800
m/s the result from Fig. 5(b) leads to an effective length of
the INR between 3.2 and 2.7 mm FWHM, where the latter
value is obtained after subtraction of the estimated contribu-
tion due to the finite pulse length. We can conclude that the
width of the ionizing radial electron beam is substantially
smaller than the spacing between the filament shields (6
mm), which demonstrates that the electron beam is not di-
verging but narrowed down due to the directing effects of the
repulsive filament shields. The effective length of the INR of
the commercial ionizer was formerly estimated from time-of-
flight measurements for He to be at least 5 mm in the emis-
sion current range between 1 and 5 mA.* Taking into account
that the ionization efficiency of the ionizer presented here
has been significantly increased at the same time, the detec-
tor appears particularly suitable for time-resolved He detec-
tion.

3464 Rev. Sci. Instrum,, Vol. 65, No. 11, November 1994

V. CONCLUSION

We have developed and characterized an electron-impact
ionization detector for energy resolved He surface scattering
devices.

The development is based on potential calculations and
on ion path simulations and essentially concerns improve-
ments of the ionizer unit. The electrons emitted from the
filament are practically all accelerated towards the ionization
region, which results in a high efficiency already at low
emission currents (<1 mA). The ion extraction from the ion-
ization region and thus the quality of the ion beam can be
controlled in detail to improve the transmission through the
mass analyzer. A deflector improves the collection of ions by
the channeltron.

The ionizer design demonstrates that a comparatively
large charge density can be combined with a clearly struc-
tured and still easily operable electrode system to yield an
excellent time resolution together with a detection efficiency
of 10™* at 10 mA. The efficiency thus exceeds 10% of the
estimated maximum ionization efficiency. For atom beam
time-of-flight application even small tails in the flight time
distribution have to be suppressed and the efficiency reduces
to 2X107° at 10 mA. Under these conditions the efficiency
increases substantially slower than proportional to the elec-
tron emission. The results indicate that a suppression of tails
is possible only at the expense of detection efficiency. The
measured efficiency is one to two orders_of magnitude larger
than the one of a commercial ionizer under identical opera-
tion conditions.

Although the design was developed for the detection of
thermal energy He beams, the ionizer can also be employed
for a more efficient ionization detection of any type of atom
or molecule.

APPENDIX: CHARGE DENSITY AND POTENTIAL IN
THE IONIZATION REGION

In this part we derive estimates for the charge density
and the resulting potentials in the INR. No exact solution can
be obtained for the region close to the axis.

Following the arguments in Ref. 23 we estimate the
mean charge density in the INR in the following way: At an
electron energy of 100 eV the time an electron needs to
traverse the cage (8 mm diameter) is 1.3 ns. If we assume
that on the average an electron crosses the cage =3 times,
cach emitted electron spends 4 ns in the cage. For a given
emission current of 2 mA there are at any time 5X107 elec-
trons in the cage. This corresponds to a mean charge density
of p=—5.3X1075 C/m® for an INR of 3 mm length and 8
mm diameter.

Assuming a homogeneous charge distribution in a cylin-
drical geometry the electric potential has a parabolic shape:

p
V(r)= Vaxis+ 4_60- r2’ (Al)
where V,,; is the potential on the axis of the INR, r the
distance from this axis, and ¢; the free space permittivity. For
the above parameters the potential difference between cage
and axis becomes 24 V, the potential at r=2 mm from the
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axis is 6 V with respect to the axis. For ions created more
than 2 mm away from the axis, the radial field is already
larger than the longitudinal (extracting) field. This results in
an oscillatory motion of the ions in the INR during extrac-
tion.

The assumption of a homogenous charge distribution
leads, however, to a very crude model. We can determine the
charge density in the INR close to the cage by adapting a
geometry in which we regard a small section of the grid as
being flat. The electron flux density through the cage is

- 7’12_
J= 27R0

where R is the cage radius (R =4 mm) and [ the length of the
INR (/=3 mm). With p = j/v,- and taking into account that
the same amount of electrons passes through the grid in the
opposite direction, the charge density of the electrons at the
grid is pyig=—2.6X10"° C/m’, which is exactly half of the
mean charge density in the INR: pyiq=p/2. It follows that the
charge density near the axis must be much larger than p.
* Thus the curvature of the potential near the axis is larger than
given by Eq. (A1) and the potential difference between the
axis and a position 2 mm from the axis thus exceeds 6 V. In
the nonrealistic case of a perfect cylindrical symmetry where
all electrons pass exactly through the axis, the infinite charge
density on the axis would result in a potential that equals the
potential of the emitting cathode (i.e., about 100 V more
negative than the cage). A realistic estimate of the potential
depends very sensitively on the details of the electron trajec-
tories near the axis.

If the shape of the cage is not cylindrical but conical
with a full angle of 9° (see Fig. 2), the diameter of the cage
varies by Ad=0.5 mm over the length /=3 mm of the INR.
According to Eq. (A1) the potential of the homogeneous
charge distribution drops by about AV/V=2XAR/R in the
direction of the increasing cage diameter. With the same pa-
rameters as used above, a longitudinal field of 6 V/3 mm is
obtained. The conical shape of the cage thus promotes the
extraction of the ions.
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