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Abstract

Ion beams crossing thin carbon foils can cause electron emission from the entrance and exit surface. Thin carbon
foils are used in various types of time-of-flight (TOF) mass spectrometers to produce start pulses for TOF measure-
ments. The yield of emitted electrons depends, among other parameters, on the energy of the incoming ion and its mass,
and it has been experimentally determined for a few projectile elements. The electron emission yield is of great im-
portance for deriving abundance ratios of elements and isotopes in space plasmas using TOF mass spectrometers. We
have developed a detector for measuring ion-induced electron yields, and we have extended the electron yield mea-
surements for oxygen to energies relevant for solar wind research. We also present first measurements of the carbon foil

electron emission yield for argon and iron in the solar wind energy range.
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1. Introduction

The interaction of an energetic particle with a
solid can lead to electron emission from the sur-
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face of the solid. When a projectile passes through
a carbon foil, it transfers energy to atoms and
electrons within the solid. Outward moving excited
foil electrons that are sufficiently close to the sur-
face may have enough energy to escape and to
contribute to the electron emission process. When
the incident particles are ions, this phenomenon is
called ion-induced electron emission (IIEE). A
standard parameter describing electron emission is
the electron yield, y, the average number of sec-
ondary electrons emitted per primary particle. For
comprehensive information on IIEE, see, e.g., re-
views by Hofer [1], Rosler and Brauer [2], Hass-
elkamp [3] and Rothard et al. [4].
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To first approximation, the electron yield is
proportional to the electronic stopping power
Se = (dE/dx),:

y=A-S./cosa, (1)

where A is the constant of proportionality (some-
times called the specific yield), and « is the angle of
incidence of the projectile with respect to the sur-
face normal [5-8]. Deviations from the above
formula are expected and observed at low energies
[see e.g., 8] and at large angles of incidence [9]. For
the following it is important that the electron
emission yield depends specifically on the local
stopping power (i.c. the electronic stopping power
of the projectile near the emitting surface of the
solid) and not on the travelled distance within
the solid nor on the total energy deposited by the
projectile.

The time-of-flight (TOF) technique is a well
established technique for determining the ion
composition of space plasmas (see reviews by
Young [10] and Wiiest [11]). In TOF mass spec-
trometers designed for low particle energies
(~keV/amu) often very thin (~2 pg/cm?) carbon
foil are used. When a particle passes through the
carbon foil, electrons are emitted from both, the
entrance and the exit surfaces. The emitted elec-
trons are then collected by a micro-channel plate
(MCP) assembly, which produces a start pulse
for the TOF measurement. When the number of
emitted electrons is low, the probability, #, of
triggering a signal on the MCP is a strong function
of this number (typically n =1 —e™?” where p is
the MCP detection efficiency for a single electron).
The value of y is thus crucial for the determination
of instrument detection efficiencies.

The energy range of solar wind particles extends
typically from 0.3 to 4 keV/amu. In this range,
electron emission yields from thin carbon foils
have only been reported for a few projectile ecle-
ments (from H to Ne) by Ritzau and Baragiola
[12], (C, N, O, Ne) by Keller et al. [13], (O) by
Kerkow et al. [14] and (O, S) by Kozochkina et al.
[15]. In the solar wind also many other elements
have been detected such as, e.g., Na, Mg, Al, Si,
Cl, Ar, Ca and Fe, yet no experimental data for
electron emission yields of such projectiles are
available in the energy range of interest.

2. Experimental setup

Fig. 1 shows the schematics of our experiment.
The ion beam enters the pinhole (diameter 3 mm)
from the left, and passes through the carbon foil,
where the electron emission takes place. The out-
going particles (mainly neutrals at solar wind en-
ergies) are then collected by the Faraday cup,
whereas the electrons are collected by the back-
ward and forward cups. The electrodes on each
side of the cups are kept at negative potentials to
force the electrons toward the cups. The cups
themselves are kept at a positive potential. 7, is the
current of the backward emitted secondary elec-
trons, I is the current measured at the carbon foil,
It is the current of the forward emitted secondary
electrons and I, is the current measured with the
Faraday cup.

The ion beam was produced with a 2.45 GHz
ECR ion source [16,17], which was developed to
test and to calibrate mass spectrometers for space
research. Only beams of weakly ionized species
were used for this work.
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Fig. 1. Schematics of the experiment. The backward and for-
ward cups are kept at a positive potential (+45 V), whereas the
electrodes on both sides of the foil complex are kept at negative
potentials. Secondary electrons emitted from the carbon foil (at
—45 V) are accelerated away from the foil and then attracted by
the cups. The carbon foil is usually mounted on the down-
stream side of a 83% transmission nickel grid.
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Since the foils are too thin to stand free in an
aperture of 8.5 mm, they must be mounted on thin
nickel grids. The transmission of the grids was
measured, both, optically and with an ion beam.
From both measurements we obtain a transmis-
sion of (83 £ 1)%.

The carbon foils were purchased from Arizona
Foil Company (AFC). According to specifications
of this manufacturer, the uncertainty of the
thickness is 0.2 pg/cm? for foils with a thickness
below a nominal value of 5 pg/cm?. Above a
nominal value of 5 pg/cm? the quoted thickness
uncertainty is +5%. However, these specifications
might be overly optimistic for thin AFC foils.
Apparently, thin AFC foils could be as much as
50% thicker than the given specifications. The
nominal density of a 20 pg/cm? carbon foils is
2.01+0.02 g/cm® according to the manufacturer
[18]. Ritzau and Baragiola [12] found a similar
value of 1.8 g/lcm? for carbon foils of 0.5 pg/cm?.

The foil holder can carry as many as five
different carbon foils. In addition, it is possible
to mount an empty grid. Hence, this allows
to measure the beam current, and to derive
the contribution of the grid to the electron emis-
sion.

The secondary electron yield y is defined as
the ratio of the number of emitted electrons to the
number of incoming particles. Determining the
electron yield from carbon foils requires distin-
guishing electrons emitted from the foil from
those, which are emitted from the grid. Hence, in
order to derive the net electron emission one has to
measure the difference between a bulk current
emitted from a grid carrying a carbon foil (su-
perscript 2), and a grid without foil (superscript 1).
To calculate the yield, one relates this difference to
the number of incoming particles, which is iden-
tical to the number of particles that have passed
the grid, since the grid is upstream with respect to
the carbon foil, and all particles passing the foil
have to pass the grid. The flux of particles passing
the grid is derived from the current measured after
a grid without carbon foil (11"). Secondary elec-
tron currents in the forward direction and the
backward directions are denoted with subscripts f
and b, respectively. The backward electron yield is
then obtained from
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where ¢ is the charge of the incoming particles.
Similarly, the forward yield is given by
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The negative signs in the above equations account
for the fact that the emitted particles are electrons,
thus the currents are negative. We also measure
Ifz), which is the current of particles that have
undergone charge exchange while passing the foil.
The charge exchange process has been extensively
investigated by Gonin et al. [19] and Kallenbach
et al. [20], who give an algorithm to calculate
charge exchange yields at given incident energies
for many elements, thus allowing a comparison of
Ifz) with their measurements.

With this configuration, one cannot detect the
so-called delta electrons, which result from close
collisions with near-surface atoms. They are too
energetic (E > 50 eV), and the potentials used in
our setup are too low to deflect their trajectories
toward the collecting cups. In any case, at the low
projectile energies considered here, delta electrons
represent a small fraction of the electron emission
[21] and we neglect this contribution in this work.
Note, that the backward yield also depends on the
charge state of the incoming ions if these are highly
charged. The measurements presented here have
been obtained with weakly (singly or doubly)
charged particles.

Impurities on the surface of a carbon foil gen-
erally lead to an increase in the electron yield. The
impurities can be removed by sputter cleaning,
e.g., by means of bombarding the foil with rare gas
ions [3,8,12,22]. Fig. 2 illustrates the effect of
sputter cleaning on the electron yields. The yields
are given as a function of the total particle fluence.
The error bars in Fig. 2 have been derived from the
standard deviations of fluctuating current mea-
surements. The experimental uncertainties are of-
ten smaller than the symbols. To clean the foil, for
which the yields are shown in Fig. 2, we used argon
ions with 1 keV/amu. The current density never
exceeded 30 pA/mm?>. The electron yields clearly

Ve = 3)
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Fig. 2. Electron yields during cleaning of a 2.1 pg/cm? carbon
foil with Ar* at 1 keV/amu. The fluence corresponds to the
number of argon ions that hit the foil. For this experiment
the foil was exceptionally mounted upstream with respect to the
grid.

decrease with fluence; the thin line is a fit to the
data using the function

i =a;+ b efciF, (4)

where a;, b; and ¢; are the fitting parameters, F is
the fluence and the subscript “i” refers to the back-
ward (b) and forward (f) yields, respectively. F is
given in particles/nm?. The parameter g; is inter-
preted as the clean foil yield obtained, once most
of the impurities have been removed (Table 1).
For the sputter experiment, the foil had been
mounted upstream with respect to the grid (con-
trary to what was stated in the discussion of Egs.
(2) and (3)). As a consequence, the detergent
(parting agent) used to separate the carbon foil
from the glass plate, on which it was originally

Table 1
Parameters for describing the variation of electron yields with
particle fluence in Eq. (4)

a [nm?] b [nm?] ¢ [nm?]
Backward electron yield 5.1 2.3 1.2
Forward electron yield 6.5 3.7 1.6

deposited, is on the forward surface. Eq. (4) de-
scribes the effect of the sputter treatment. In this
context the parameter ¢ can be considered as the
sputtering cross section of a ““dirt” particle against
removal by an argon ion. The exponential decay of
the contaminant yield (b) is ascribed to the fact
that the probability of a projectile hitting a dirt
particle decreases with increasing fluence.

The conspicuous discontinuities in the second-
ary electron yields in Fig. 2 correspond to inter-
ruptions of the sputter treatment. The first
interruption lasted 16 h, with the carbon foil kept
under vacuum conditions at a pressure of 7-1073
mbar. Apparently the contamination layer had
partly recovered during the break of the treatment.
Interestingly, after resuming the sputter process,
the electron yield of the contamination layer de-
cayed much more rapidly at the beginning, indi-
cating that the newly formed contamination layer
was more volatile than the original contamination
layer. According to Caron et al. [23] this contam-
ination must probably be attributed to a nitrogen
and/or oxygen layer covering the foil, and not
(contrary to our expectation) to a water skin.
Considering the more sluggish decay of a second
contribution of the electron yield, a less volatile
contamination layer seems also present, which we
tentatively attribute to hydrocarbons, either de-
rived from the detergent, or newly formed, via the
interaction of hydrogen with the foil.

3. Projectile dependent electron yields

Measurements of the backward and forward
yields were performed for different thicknesses of
carbon foils: 1.5, 2.1, 2.5, 3.6, 4.5 and 10 pg/cm?
(nominal values). We did not measure the foil
thicknesses. Gonin [24, p. 51] reported a thickness
uncertainty of ~15% for the foils provided by
AFC. He also mentions references reporting much
larger uncertainties [see e.g., 25,26].

In Figs. 3-5 we show the secondary electron
yields for oxygen, argon and iron, respectively.
The yields for oxygen are compared with results
from the literature (filled symbols). Our measure-
ments (open symbols) are consistent with values
published by other authors. We have extended
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Fig. 3. Measured backward and forward yields for oxygen
compared with the literature. The open symbols represents our
measurements done with the foils from Arizona Foil Company
(AFC) and the filled ones data from (V) Kerkow et al. [14], (®)
Ritzau and Baragiola [12], () Kozochkina et al. [15] and ()
Keller et al. [13].

these measurements to lower energies. At such
energies and as discussed in the previous section,
the foil contamination plays an important role for
the electron yields. Despite the fact that our foils
were cleaned by sputtering, contaminants have
probably resisted and this could partly explain the
spread of our measurements. The yields for iron
ions are, to our knowledge, the first measurements
of the electron yields for this element in the keV/
amu solar wind energy range.

The thin lines in the upper panels of Figs. 3-5 fit
our measurements of the backward yield accord-
ing to the function
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Fig. 4. Measured backward and forward yields for argon. The
symbols correspond to the following thicknesses: (+) 1.5 pg/
cm?, (%) 2.1 pglem?, () 2.5 pglem?, (A) 3.6 pg/em?, (O) 4.5 pg/
cm?, (x) 10.0 pg/cm?. The foils were purchased from Arizona
Foil Company except for one 3.6 pg/cm? sample (symbol A),
which was provided by the Max Planck Institute for Extrater-
restrial Physics in Garching, Germany (MPE).

E;
log 7y, = log Ay + kg log—, (5)

which is equivalent to Eq. (1) (y  S.) assuming
electronic stopping S, o< vF (ﬁ)kE (LSS theory
[27]) where k, &~ 1 and kz ~ 0.5. For oxygen we
find kz = 0.42, for argon kz = 0.50 and for iron
kg = 0.75. The fits confirm the general power-law
dependence of electron yields on energy per mass,
and hence, on the electronic stopping power.
Note that the plots in Figs. 3-5 show electron
yields versus incident particle energy, as this is the
relevant parameter for our application. A decrease
of efficiency is observed when the projectile ve-
locity drops below the required threshold to
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Fig. 5. Measured backward and forward yields for iron.

transfer sufficient momentum to the conducting
electrons to escape through the surface potential.
At even lower energies many projectile ions no
longer pass the foils and the forward yield begins
to strongly depend on the amount of crossing
projectiles. As a consequence the forward yield
drops dramatically at low incident energies.

4. Forward to backward electron yield ratio

Fig. 6 illustrates the forward—backward ratio of
the electron yield as a function of incident ion
energy. It is roughly constant above 1 keV/amu for
2.1 pg/em? and drops toward lower energies. For
thinner foils y./y, drops at lower energies than it
does for thicker foils. This is an expected conse-
quence of the inability of low energy ions to emit
electrons at the exit or even to reach the exit sur-
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Fig. 6. Ratio of forward to backward yields for oxygen (upper
panel) and argon (lower panel). The symbols correspond to the
following thicknesses: (+) 1.5 pg/em?, (%) 2.1 pg/em?, () 2.5
pglem?, (A) 3.6 pg/em?, (O) 4.5 pglem?, (x)10.0 pg/em?®. Ex-
perimental uncertainties are only indicated with error bars for
cases, in which the estimated uncertainty is larger than the
symbol.

face. Typical ranges of oxygen ions at 1 keV/amu
incident energy are of the order of 5 pg/cm?, hence
it is no surprise to see the loss of forward emission
capability at approximately 1 keV/amu for foils of
4.5 pg/em?. Argon ions with 1 keV/amu have a
somewhat wider range of 8 pg/cm? within carbon
foils. The drop in forward emission, however, be-
gins already at a somewhat higher energy, possibly
because the momentum transfer to electrons is
insufficient to emit an electron, although the pro-
jectile still passes the foil. Furthermore, at low
energies the projectiles tend to neutralize, thus
reducing the electronic stopping power and si-
multaneously reducing the electron emission effi-
ciency again.
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The ratio vy;/y, at higher energies is constant,
confirming the general validity of the basic rule of
Sternglass [5] given in Eq. (1) for forward as well
as for backward yields. The forward yield some-
what exceeds the backward yield, despite the par-
ticle energy being lower at the exit, we thus
confirm that Af > A, in the low energy range,
consistent with observations at higher energies
[8,28].

5. Conclusion

We have measured ion-induced electron yields
from thin carbon foils such as used in space in-
strumentation. We have presented the first mea-
surements of the forward and backward electron
yields for argon and iron in the solar wind en-
ergy range (0.3-4 keV/amu). We also have
measured oxygen electron yields at lower energies
than previously reported in the literature. In the
high energy range (E/m > 1 keV/amu) our mea-
surements agree with values found in the litera-
ture.

We have verified the power law dependence
between the backward electron yield and the inci-
dent energy. The power law is consistent with the
hypothesis of a proportionality between the yield
and the electronic stopping power, even at the low
energies reported here.

We also find that contamination of thin foils
can have a noticeable influence on the electron
emission properties. Furthermore, contamination
can lead to a systematic overestimation of thick-
nesses of thin foils. These effects do not hamper the
application of such foils for space research, as long
as they are carefully taken into account for
data evaluation and interpretation. Although the
set of electron yield parameters, determined ex-
perimentally at low energies is still limited, it
constitutes a useful database for extrapolation of
experimental data from higher energies to solar
wind energies. In space applications this is espe-
cially helpful for determining high precision ele-
mental abundance ratios of space plasmas for
elements with properties, which do not differ too
much in mass.
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