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A thorough study of the secondary electron emission (SEE) yield from liquid Polyethylene
glycol 1500 (PEG) was made. This liquid (m.p. 45°C) has a low enough vapor pressure at a
working temperature of about 50 °C. In addition, it has the advantage of being a good solvent for
salts which dissociate and thus render the solutions conductive. It was found that the presence of
the electrolyte salt does not affect the secondary electron yield curves.

A striking result is that the yield curves obtained from the PEG solutions are very well repro-
ducible (ca. *7%). By fitting the experimental data to a formula given by the elementary theory
of SEE it can be clearly seen that this liquid polymer shows quite a different SEE behaviour
compared with that reported for chemically similar solid polymer films. The results obtained agree
well with the data for polymer silicon oils, suggesting that liquid polymers differ in their SEE

behaviour from the corresponding solids.

Finally, it is demonstrated that the reduced yiéld curves can be fitted to the physically meaning-
ful Bethe loss formula at least as well as using the conventional approach.

Introduction

Secondary electron emission (SEE) has been
studied for many years to obtain information of
both theoretical and practical interest!”3. With
special techniques it has also been possible to study
the SEE from nonconducting species, such as or-
ganic polymers. Thereby it is found that the SEE
parameters of liquid polymers (Silicon pump
oils3) are quite different from the data for solid
polymer films ¢. This might be due to differences in
the chemical structure, but it is also considered pos-
sible that liquid polymers have in general a SEE
behaviour different from the solids. To clarify this
point a thorough study of the SEE yield from liquid
Polyethylene glycole 1500 (PEG), Merck, melting
point approx. 45 °C was made. This compound fits,
with respect to chemical composition, into the group
of organic polymers investigated as solid films. This
liquid has a low enough vapor pressure and has the
additional advantage of being a good solvent for
salts which dissociate and thus render the solutions
conductive. Therefore, the experiments could con-
veniently be conducted essentially as customary for
metals. Of course, it had to be established, at first,
that the dissolved salts had no effect on the SEE
yield curves of PEG.

Experiments

Details of the electron gun are shown in Figure 1.
The electrons were, with a pair of Helmholtz coils,

deflected by 90° onto the solution, thus the heat
radiation from the emission cathode could not reach
the solution surface and raise the vapor pressure.
This deflection feature was also conveniently used
to direct the electron beam onto the solutions for
just such short a time as necessary to read the cur-
rent values from the electrometers. Prolonged elec-
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tron bombardment of the solutions gave, particu-
larly at higher electron energies, drifting current
values, apparently due to gas from solvent decom-
position (the pressure reading on the manometer
rose to 2 or 3 x 10 S torr, see below). Sufficiently
high electron currents (ca. 50 nA) reached the so-
lution in this simple arrangement which made fo-
cussing of the electron beam unnecessary.

The apparatus was mainly built from stainless
steel. The cell for the solutions was made from
Pyrex Glass which was connected with the steel via
Vacon collars. The connections shown in Fig. 1 as
KF are Leybold “Kleinflansche” with the dimen-
sions being the inner diameters of the tubes in milli-
meters. Via a piece of glass tubing (el. insulation)
and a trap cooled with liquid air the cell was con-
nected with the Leybold 2001/sec oil diffusion
pump stand.

The electrical connections and measurements were
made in a standard manner !73 with the exception
of an auxiliary acceleration voltage, V.., applied
to the electron gun to make easy the deflection of
the electrons with the Helmholtz coils. The primary
electron energy, E,, was varied by floating the
heating power supply for the emission cathode to
the value V. With increasing Vg the acceleration
voltage V... was reduced such that Vi+ V. =
2000 volts which made readjustment of the deflec-
tion coil currents unnecessary. When V.. was
varied between + 50 and — 50 volts with respect to
Vaee a variation of the apparent yield, o, as shown
in Fig. 6 of Ref. 7 was observed, thus V.. was kept
on a potential equal to Ve or (Faee—10) volts.
o was calculated from o=1iy,q/ip, where i,=
Uhack — i1 (Figure 1).

The solvent used for the measurements was poly-
ethyleneglycol (PEG) 1500 (Merck-Schuchardt),
melting point 45°. One liter dissolved, at 50 °C, at
least 0.1 mole of the following salts: LiClO,, CsI,
KI, Tb(NO;) 4, Ba(ClO,),, and CuCl,-2 H,0. With
such solutions, after degassing, the pressure in the
system, with the vacuum pump on, could be kept at
less than 1 x 10 ®torr (measured with a Leybold
IM6 ionisation manometer in a distance of approxi-
mately 30 cm from the cell). Neither a temperature
rise of the solution by 20 °C nor freezing the so-
lution to liquid nitrogen temperature changed this
pressure reading. This was taken as indication that
the vapor pressure of this solvent at 50 °C was
below 1076 torr.

The actual measurements were made by at first
degassing the solution in the cell on a separate
pump stand (107 torr) for an hour or so. Then the
solution was cooled to room temperature, whereby
it solidified. Under dry nitrogen the cell containing
the solution was quickly transferred to the experi-
mental apparatus and pumped to 1078 torr. Then it
was warmed again whereby it melted without splash-
ing. With a short iron bar in the cell, which could
be rotated by a rotating magnet the solution was
stirred thoroughly from time to time to ensure
homogeneity of the solution.

Theory

Within the framework of the elementary theory
of SEE the true secondary yield is given by the for-
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deduced by Lye and Dekker® which accounts
roughly for straggling of the primaries. K is a con-
stant *, o is the (energy independent) escape
length of the secondaries and R(E,) is the maxi-
mum effective range or penetration depth of the
primaries incident with energy E, .

For the calculation of R(E,) from the energy loss
per path length dE/dx the simple loss formula 8

—dE/dx = A/E™
(A4 is a constant *, the exponent n has to be deter-

mined by fitting) as well as Bethe’s loss formula
(see e. g. Ref. 3)

(2a)

(2b)

(A" is a constant * and 7 has the meaning of a mean
ionisation energy) were used since the former lacks
physical justification if it is not regarded as an
approximation to the latter > ?, valid only in a cer-
tain energy range.

A comparison of the reduced yield curves (see
below) obtained with (2a) and (2b) shows that
the energy range where the simple loss formula can
be regarded as a good approximation to Bethe’s
loss formula becomes smaller with decreasing n or

* The constants K, 4, and A4’ do not enter the reduced
quantities used in the elemetnary theory.
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increasing 7 **. Hence, since the computational
effort is not much increased if one uses (2b) in-
stead of (2 a), Bethe’s loss formula should be pre-
ferred. From (1) the reduced yield curve

6:9&(%) =6(Ep)/6 (Ep,max) (3)
is obtained where
&p = Ep/Ep,max (4)

is reduced primary energy with respect to the pri-
mary energy K, ..., where the yield d has its maxi-
mum. Since to the author’s knowledge the reduction
procedure has been demonstrated only for the
simple loss formula (2a) 8 it will be shortly ex-
plained how one gets reduced yield curves for an
arbitrary R(E,): If one introduces the reduced
range

(&) =R(Ep) /R (Epmax) (5)

so that (1) =1, and the ratio of the range at £ .«
to the escape length 7.

szR(Ep,max)/;'csc (6)

one obtains from (1) and (3)

Brea(ep) = (L—e7rm) 7178 (1—e7ra®) . (7)

**E.g.: n=1/2 in (2a) is a good approximation in the
energy range Ep max < 4 Epmax if I ~ 0.165 Ep max in
(2b); n=2/3 works well at least up to Ep == 6 Ep, max
if I ~ 0.07 Epmax (see Figure 3).

Since 0yeq(1) = Oreq, max > the condition

d‘éred

ds[) ep=1 N O
yields the equation (Q'(l) = de )

\ dﬁp ep=1

0'(1)/[e' (1) =11 = (e =1) /ym

which is readily solved numerically for y,, with suf-
ficient accuracy. The only quantity remaining is the
exponent n in (2 a) or the reduced mean ionisation
energy i = I/E, nax in (2b). Hence either n or i are
the parameters which are used for fitting the re-
duced theoretical yield (7) to the experimental one.

Results

A striking result was that the yield curves ob-
tained from the PEG solutions were very well re-
producible (ca. *7%), indicating a very stable
equilibrium of the interfacial structure. The yield
curves were identical (within the exp. error) when
the final pressure value in the system had not quite
been reached (7 x 107 6torr on the manometer), or
when the solution temperature was raised to 70 °C,
or after 3 days of pumping, with repeated stirring,
freezing, and thawing. This was in contrast to re-
sults with polished metal surfaces which were ini-
tially used to test the instrument? 0. They gave the
well-known poorly reproducible results (a heat treat-
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Fig. 2. Apparent secondary electron

1.2 1,4 yield curve for liquid solutions of
E_[keV) selected inorganic salts in poly-
P ethylene glycol 1500, at 50 °C.
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ment of the metals was not possible in the glass cell).
Within the experimental error the yield curves were
the same for 0.1 M solutions of LiClO,, Cs]J, KJ,
Tb(NO;3)3, Ba(ClO4),, and CuCly,-2H,0 (Fig-
ure 2). A variation of the LiClO, concentration be-
tween 0.02 and 0.5M had no effect either. Hence
the effect of the added salt is negligible and the
measured yield is that of PEG.

The true secondary yield 0 is obtained from the
measured yield ¢ by subtracting the fraction of the
rediffused primaries, i.e.

d=0—1. (8)

Since it is well known that for elements with smail
atomic number (Z < 30) 7 is nearly independent of
the primary energy and tends to decrease with de-
creasing Z %311 one expects this also to be so for
compounds of elements with small Z. Indeed, mea-
surements on some diffusion pump oils % > and some
aromatic hydrocarbons? confirm that % is nearly
constant in the energy range of interest (£, =150 to
2000 eV) and small (=~ 0.12 —0.16 for the various
materials). Hence

7 =0.15
is used as a reasonable estimate for PEG to cal-
culate the true secondary yield from (8).

For comparison with the elementary theory the
experimental results have to be reduced. According

%max
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to (3) and (4) the parameters needed for this re-
duction are

Omax=2.50 and E, . =250€V.

Figure 3 shows that a good fit to formula (7) is ob-
tained in the energy range Ep max < Ep < 6 B max
with either n=2/3 if the simple loss formula (2 a)
is used, or with ¢ = 0.075 (exactly Ini= —2.6)
corresponding to [ =~ 19 €V, if Bethe’s loss formula
(2b) is used. The corresponding ratios of R (E}, yax)

to Aesc are

ym(n=2/3) =1.62 and y,(lni= —2.6) =1.91.

Discussion

Since the ratio 7, of the maximum range
R(E,, max) of the primaries to the escape length Z,.
of the secondaries is known from the fitting proce-
dure, one could calculate or at least estimate e if
R(E,) would be known. R(E,) was measured for
one of the diffusion pump oils® by the method of
the mirror substrate ! 13. Unfortunately, the mea-
sured maximum range varies roughly like E.2,
whereas the measured energy dependence of the
secondary yield * ® would require R ~ E,%3 within
the framework of the elementary theory. This dis-
crepancy might be due either to a failure of the
elementary theory or to the method of measurement.
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The calculated curve with n=1 is

included for comparison. The ex-

perimental mean values are taken
from the curve in Figure 2.
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Whatever the reason might be, it makes a reason-
able estimate of ¢, for PEG impossible, since
reliable information on R(E,) in polymers is lack-
ing at present.

The comparison with independently measured
reduced SEE curves of some diffusion pump oils
(extracted from Ref. 4, 5) shows that these are quite
similar to that of PEG with exponents n in the range
1/2<n < 2/3 or i in the range 0.075 < i < 0.2,
though the fit is not as good as that for PEG ob-
tained in this work. It should be noted that the
similarity between these substances is not confined
to the general shape of the reduced yield curves
since all the energies Ej, nay lie in the narrow range
175 -250eV and the maximum yields are of the
same order of magnitude (dpax =~ 2.0 —2.5). This
indicates that differences in the chemical composi-
tion of the liquid polymer are of no consequence
for the SEE behaviour.

On the other hand, recently reported measure-
ments of the secondary yield of thin organic poly-
mer foils ¢ indicate that they, with the exception of
the perfluoro polymer, form another group of mate-
rials with a different behaviour of the secondary
yield. While the E, .« values are in the same
energy range the maximum yield is higher (3 —-4).
The main difference to the group of liquid polymers
is the high value of about 1 for the exponent n. It
should be noted that the difference between the n
values corresponds to significantly different reduced
yield curves (cf. Figure 3).

Thus, it may be concluded that the SEE behaviour
of solid polymers differs from liquids. However,
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since SEE is mainly a surface effect (the escape
length is approximately 30 A, as directly measured
for one of the diffusion pump oils %), the difference
may be due to the properties of the surface of the
investigated commercial polymer foil only®. This
view is supported by the fact that the energy de-
pendence of the reduced yield of clean solid poly-
aromatic compounds, such as pyrene!? is also de-
scribed by an exponent n not exceeding 2/3; i.e.
their SEE behaviour is like that of the liquid poly-
mers in this respect. Further, the surfaces of the
polymer foils were pretreated by rinsing with al-
cohol only . When compared with metals, where
surface treatments such as strong heating over ex-
tended periods of time are needed to obtain repro-
ducible results (which is, of course, not feasible
with polymers) one may suspect that the measured
parameters are not necessarily characteristic for the
solid polymers themselves. The SEE yield curves
obtained for liquid polymers may, therefore, be a
better representation for polymer SEE in general,
because of their superior surface properties.
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