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The yield of first-surface secondary electrons from H+ impact on aluminum and gold targets is measured. Data are obtained for 
proton energies of 5 I E < 24 MeV on aluminum and 5 $ E I 18 MeV on gold, and these data are compared with theoretical 
expectations and with previous data for lower proton energies. An empirical curve for the yield from aluminum-oxide is obtained 
from a theoretical curve for pure aluminum by using earlier measurements of primary-electron-produced yields from both aluminum 
and aluminum-oxide. 

1. Introduction 

Secondary-electron emission is the dominant surface 
yield when MeV-energy protons enter metallic targets, 
with the yields of sputtered ions or reflected protons 
being insignificant. The source of these electrons is the 
Coulomb interaction of the fast protons with electrons 
within about 100 A of the surface of the target [l]. Only 
a very small number of experiments have measured the 
secondary-electron yield for MeV-energy primary ions 
[2], and these have been limited to ion energies less than 
7.5 MeV. In the experiment described here, the sec- 
ondary-electron emission coefficient is measured for 
5-24 MeV protons from the Los Alamos National 
Laboratory three-stage Van de Graaff accelerator pass- 
ing through aluminum-oxide and gold surfaces. 

2. Apparatus 

A sketch of the experimental apparatus appears in 
fig. 1. Here a proton beam with a known flux and 
energy is normally incident on a flat target is biased to a 
negative potential (- 300 V) with respect to ground. 
The target is thick enough to stop the protons of the 
beam, so the total current from ground to the target 
required to maintain its potential is equal to the beam 
current plus the current of secondaries. The yield of 
secondary electrons (number of secondary electrons 
produced per proton impact) is thus 

I 
y= tot; - Ibeam 

, 
(1) 

beam 

The targets reside in a cylindrical co-netic-metal cham- 
ber that has a radius of - 19 cm. The magnetic-field 
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Fig. 1. A sketch of the targets in the co-netic metal chamber. 

strength inside the chamber is measured to be B - 0.2 
G. With an average electric-field strength of E = 300 
V/19 cm = 4.5 X 10M3 statvolt/cm between the biased 
target and the chamber wall, a zero-energy electron 
leaving the target surface is repelled to a distance d = 

2( cE/B)/( eB/m,c) = 9.2 x lo* cm away from the 
target before the magnetic field brings it back (the Hull 
cutoff distance [3].) Since d ZS=- 19 cm, no secondary 
electrons are magnetically returned to the target. (A 
bias of -20 V was found to force about half of the 
secondaries from the targets and a bias of -80 V was 
found to force essentially all of the secondaries away.) 

The sputtered-ion contribution to the current is 
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negligible in the 5-19 MeV range of proton energies. 
For H+ kinetic energies of 8 keV, the experimentally 
measured sputtering yield for aluminum targets is about 
3 x 10K3, and this yield decreases rapidly with H+ 
energy (see fig. 4.7 of Andersen and Bay [4]). For H+ 
kinetic energies of 20 keV on gold targets, the experi- 
mentally measured sputtering yield is about 8 x 10e3, 
and this yield also decreases rapidly with H+ energy [5]. 
The fraction of incident protons that are reflected from 
the surface of the targets is miniscule, as indicated in 
fig. 3 of ref. [6], so this associated current is also 
negligible. The ranges of E I 24 MeV protons are I 3.3 
mm in Al and the ranges of E I 18 Mev protons in Au 
are I 0.47 mm [7]. Since these ranges are considerably 
less than the target thicknesses (Al = 6.44 mm and 
Au = 0.79 mm), essentially no protons reach the back of 
the targets and, hence, second-surface effects (transmis- 
sion sputtering and secondary-electron emission) do not 
contribute to the target currents. 

The aluminum target is a piece of extruded 6061 
alloy (1.0% Mg, 0.6% Si, 0.25% Cu, and 0.25% Cr) that 
was not heat-treated. Because it was extruded hot, it is 
anticipated that the aluminum target has a surface layer 
of AlaO, which is 50-1000 A thick [S-lo], and because 
the 6061 alloy has 1.0% Mg, it is possible that this 
surface contains a significant amount of magnesium- 
oxide [ll]. The gold target is a piece of cold-rolled sheet 
that is 99.9% pure. It is believed that the gold target 
does not have an oxide surface. The targets were de- 
greased with l,l,l trichloroethane before being placed 
in the target chamber, whose base pressure is 1-2 x lo-’ 
Torr. Typical beam currents are lo-’ A, which are 
insufficient to clean any surface coatings from the 
targets. Since the momentum-exchange cross section for 
low-energy electrons in N, gas [12] is < 3.5 x lo-” 
cm2/molecule, the mean free path L for an electron in 
2 X 1O-5 Torr of air (1 Torr - 3 X 1015 molecules/cm3) 
is L = l/no > 4.7 X lo3 cm3 cm. Hence, the chamber 
air does not hinder the passage of secondary electrons 
from the target to the chamber walls (which are - 19 
cm away). 

The beam current on target is determined by moving 
the target out of the beam and measuring the beam 
current via a high-aspect ratio Faraday cup. Temporal 
fluctuations in the beam current put out by the Van de 
Graaff during this procedure account for the major 
portion of the scatter in the yield data. 

3. Measured secondary-electron yields 

The measured secondary-electron yields for H+ on 
oxidized aluminum and for H+ on gold are contained in 
table 1. These yields are plotted (solid points) as func- 
tions of the proton kinetic energy in figs. 2 and 3 for 

Table 1 

The measured secondary-electron yields for protons striking 

the front surface of aluminum and gold targets 

Proton energy (MeV) 

(MeV) 

Oxidized aluminum 

5 

I 
9 

11 

13 

15 

17 

17.5 

18 

19 

24 
Gold 

5 

I 

9 

11 
13 

15 

17 

17.5 

18 

Yield 

0.64 

0.50 
0.49 

0.39 

0.35 

0.29 

0.27 

0.23 

0.25 

0.20 

0.15 

0.58 

0.48 

0.41 

0.36 
0.31 

0.27 

0.33 

0.22 

0.26 

. THIS EXPERIMENT 

. AARSET et al. (1954) 

Fig. 2. The secondary-electron yields obtained for H+ on Al 
are plotted versus the energy of the H+ (solid points) and a fit 

to this data is drawn as the dashed curve. Also plotted are 

some earlier measurements of the yields (refs. [13] and [14]). 

The solid curves (eqs. (4) and (6) are theoretical estimates for 

the yields (see text). 
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aluminum and gold, respectively. Least-square fits to 
the log(Y) versus log(E) data yield 

Y *,*oj = 3.0 & -“.89 
( 1 

5sEs24MeV (2) 

for aluminum-oxide and 

YAU = 1.8 & 
( 1 

-0.61 

5<E<I8MeV (3) 

for gold, which are plotted as the dashed lines in the 
two figures. The rms scatter of the yield data about 
these fits are *9.3% for aluminum and f 10.7% for 
gold. Also included in the figures are the H+ -+ Al data 
of Mironov and Nemenov [13] and some H’ + Al and 
H+ + Au data of Aarset et al. [14] 

Theoretical predictions of the secondary-electron 
yield for fast ions normally incident on aluminum and 
gold surfaces are plotted as a solid curves in figs. 2 and 
3. These curves are obtained from eq. (17) of Sternglass 
[15]. For aluminum (fig. 2) the quantities used (see ref. 
[15]) in that equation are TA = 0.5, cr’ = 0.23, us = 4.4 x 

lo-l6 cm’, E, = 25 eV, and N = 6.0 X lo** cmp3, which 
results in 

1 

1+ E 
0.183 MeV I. 

(4) 

For gold the quantities used in eq. (17) of Stemglass are 
r,4 = 0.5, a’ = 0.23, CT~ = 7.0 X lo-i6 cm*, E. = 25 
and N=5.9XlO**~m-~ , which results in 

1 

1+ E 
0.183 MeV 1 

ev, 

(5) 

as the predicted secondary-electron yield. For the theo- 
retical curves in figs. 2 and 3, eqs. (4) and (5) are used 
with the electronic stopping powers dE/dx for H+ in 
aluminum and gold as given by Northcliffe and Schill- 
ing [16] for energies of 12 MeV and lower and with the 
stopping powers as given by Littmark and Ziegler [7] 
for 12 MeV and higher. Note that the mean free path of 
a secondary electron is L, = l/a’Na, = 16.4 A within 
aluminum and is L, = 10.5 A within gold. These mean 
free paths are approximately the thickness of the surface 
layers from which the emitted secondary electrons 
originate. The theoretical secondary-electron-yield curve 
for aluminum-oxide in fig. 2 will be discussed below. 

The H+ --) Al data obtained in this experiment agree 
well with the lower-energy data of Mironov and 
Nemenov [13] (see fig. 2). This is not surprising, since 
both experiments were performed under similar vacuum 
conditions and similar target-cleaning procedures were 
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Fig. 3. The secondary-electron yields obtained for H+ on Au 
are plotted versus the energy of the H+ (solid points) and a fit 
to this data is drawn as the dashed curve. Also plotted are 

some earlier measurements of the yields (ref. [14]). The solid 
curve (eq. (5)) is a theoretical estimate for the yields (see text). 

carried out. It is thought that the aluminum targets used 
in the Mironov and Nemenov experiment, as well as 
those of this experiment, had surfaces that were pre- 
dominantly aluminum-oxide Al 203. The aluminum data 
of Aarset et al. [14] (see fig. 2) were obtained after 
proton bombardment of the targets for more than two 
hours at - 5 X lo-’ A of beam current, a procedure 
which was not followed in the present experiment. 
Presumably, this persistent bombardment removed any 
aluminum-oxide from the surface and reduced the 
amount of other surface contaminants. Clearly, the trend 
of the data from the Aarset et al. experiment is toward 
lower yields than is the trend of data of the present 
experiment, and the Aarset et al. data are in better 
agreement with the theoretical aluminum curve. 

According to Sternglass [15], the yield of secondary 
electrons produced by fast protons in the material is 
proportional to (dE/dx)L,, where dE/dX is the stop- 
ping power of the proton in that material and where L, 

is the mean free path of a secondary electron within 
that material. The d E/d x is a measure of how many 
secondary electrons are produced within the material 
and L, is a measure of the depth from which these 
secondary electrons are able to escape to the surface of 
the material. Since [17] dE/dx a nZ for proton en- 
ergies exceeding a few hundred eV (where n is the 
atomic density of the material and where Z is the 
atomic number of the material), the stopping power of 
Al,O, relative to that of Al is (dE/dx)AlzoS = 
0.95(dE/dx),. This indicates that the number of elec- 
trons knocked lose as protons pass through the two 
materials is about the same. Consequently, the dif- 
ference in protonic stopping powers between aluminum 
and aluminum-oxide should not be contributing signifi- 
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cantly to the difference in the secondary-electron yields 
for the two materials. It follows that the secondary-elec- 
tron mean free path in the materials is responsible for 
the difference in the yields. This is utilized to obtain a 
theoretical curve for the yield from aluminum-oxide as 
follows. Since the energy spectra of secondary electrons 
produced by primary electrons is similar to the energy 
spectra produced by primary ions (for example, see fig. 
16 of ref. [18] and fig. 2 of ref. [19]), the mean free path 
of a typical electron-produced secondary electron in a 
material should be similar to the mean free path of a 
typical ion-produced secondary electron in that same 
material. This should be particularly true if the primary 
electron has the same velocity as the primary ion, the 
kinetics of the Coulomb collisions of the primaries with 
the electrons of the material then being very similar in 
the two cases. Bruining and de Boer [20] measured the 
secondary-electron yield for primary electrons with E I 

600 eV hitting clean aluminum targets and oxidized- 
aluminum targets. These primary electrons had veloci- 
ties equal to the velocities of protons with E I 1.1 MeV, 
close to the energies of the present experiment. The 
I 600 eV primary electrons in the Bruining and de Boer 
experiments had ranges in aluminum of 5 200 A (see 
ref. [21]); these are long compared with the expected 
mean free paths of the secondaries in the material (see 
below), so slowing down of the primary electrons near 
the material’s surface should not have affected the yield 
of secondaries. Bruining and de Boer found the sec- 
ondary-electron yield from aluminum-oxide to be a 
factor of - 2.25 times larger than the yield from pure 

aluminum. To obtain an empirical curve for the yield of 
secondaries from aluminum-oxide YAIZo,, the theoreti- 
cal yield from pure aluminum Y,, is multiplied by 2.25, 
which gives 

1 

1 E . 

‘1 1 + 0.183 MeV 1 

(6) 

This corresponds to the mean free path of secondary 
electron in AlzO, being 2.25/0.95 = 2.37 times the mean 
free path in pure Al, which gives L, = 38.8 A. Thus, 
secondary electrons are able to escape from deeper 
within the aluminum-oxide than they are able to from 
aluminum. The empirical relation (6) is plotted in fig. 2; 
as can be seen, the measured data points of both the 
present experiment and of the earlier experiment of 
Mironov and Nemenov [13] fall near the curve. The 
different between the fit to the present data [eq. (2)] and 
the empirical curve [eq. (6)] is always < 20%. 

The agreement of the H+ --, Au data of the present 
experiment with the theory of Stemglass [15] is quite 
good (see fig. 3). Over the range of proton energies of 
the experiment, the fit to the data [eq. (3)] always agrees 

to within 5% with the theoretical curve [eq. (5)]. Note 
that whereas the Aarset et al. [14] data points agree 
fairly well with the theoretical curve for aluminum, they 
do not agree well with the curve for gold (see fig. 3). 
Neither do they continue the trend of the gold data of 
this experiment. For fast protons incident on various 
metal targets, Aarset et al. find little variation ( - 4%) in 
the secondary-electron yield over a variety of target 
types, including aluminum and gold. This is in contrast 
to other experiments, where substantial variations in the 
secondary-electron yields with target materials are found 
for high-velocity protons on metals (ref. [22]), inter- 
mediate-velocity ions on metals (ref. [23]), and high- 
velocity electrons on metals (ref. [24] and [25]). More 
data for fast protons on a variety of metal targets is 
desirable to settle this matter. 

4. Discussion: effect of surface roughness 

The surfaces of the targets are not perfectly smooth, 
hence the surfaces are composed of local regions that 
are tilted away from the surface normal. These tilts are 
expected to increase the secondary-electron yields over 
the values obtained from the normal-incidence theory as 
follows. For a surface whose normal is oriented at an 
angle 0 with respect to the direction of incidence of the 
primaries, the portion of a primary’s path that lies 
within L, of the surface has a length of L,/cos f3. Thus, 
the amount of energy deposited within L, of the surface 
is (dE/dx)L,/cos 8. Accordingly, in the secondary- 
electron-emission model of Stemglass [15] the yield of 
secondaries emitted when the surface has a tilt of B 
compared with the yield at normal incidence is Y( 0)/ 
Y(0’) = l/cos 0. A rough surface oriented normal to 
the beam can be modeled by a large number of small, 
randomly oriented surfaces. Taking the distribution of 
surface area with orientation angle to be uniform from 
0 o to e,,, and averaging the secondary-electron yield 
over random orientations of surfaces from 0“ to 0,,,, 
the yield is (Y) = (1/0,,)/~~Y( ~9) de, which gives 

This expected increase in the secondary-electron yield 
from rough surfaces may account for some of the dif- 
ference between the data and the theory (see figs. 2 and 
3). The fit to the aluminum data [eq. (2)] is - 16% 
higher than the theoretical prediction for the yield of 
secondaries from aluminum-oxide [eq. (6)], and the fit 
to the gold data [eq. (3)] is - 5% higher than the 
theoretical prediction for the yield of secondaries from 
gold [eq. (5)]. According to the above model, an increase 
in the emission by 16% over eq. (6) corresponds to 
e max = 60 o for aluminum and an increase in the emis- 
sion by 5% over eq. (5) corresponds to e,,,,, = 30” for 
gold. 
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The surface of the aluminum target was examined to 

- 1000 A resolution via a scanning electron microscope 
that imaged secondary electrons generated by electron 
bombardment. Grooves of - 50000 A width cover - 
10% of the surface area and - 1% of the surface is 
covered by lo4 A-diameter pits. Also observed were a 
few - lo5 A-diameter outcrops that are very strong 
secondary-electron emitters under bombardment by the 
microscope’s 5-19 keV electron gun; these may be 
similar to the crystalline outcrops known to form on hot 
aluminum in air [26]. The microscope showed the 
surface’s secondary-electron emission to be patchy on 
the smallest spatial scales seen (- 1000 A), but also 
showed patchiness with 105-lo6 A scale-sizes. It is not 
known whether this patchiness in the secondary-elec- 
tron emission is owed to tilts in the surface or to 
changes in the composition or condition of the oxide 
layer. Other investigators examining the transmission of 
lOO-keV electrons through the oxide layers on aluminum 
have observed irregularities down to 1000-A spatial 
scales [27]; these small-scale irregularities were believed 
to be crystal sizes in the oxide. Since Al,O, can form 
crystals (e.g. corundum or boehmite), there is a possibil- 
ity that the small-scale topology of the surface is spiky. 
It is very desirable to know the topology of the surface 
on 50-A scale sizes, however, for such metallic samples 
the resolution required to see this is not easily obtained 
with a scanning electron microscope. Earlier investiga- 
tors [28] found the Al,O, surface to be composed of 
two layers: a thin, nonporous, inner layer that may be 
either crystalline or amorphous and a thick, porous, 
outer layer that is most often amorphous. Because this 
outer layer is 50-1000 ,& thick [8-lo] and probably 
amorphous the surface roughness on 50-A spatial scales 
is probably not determined by the crystalline nature of 
the Al,O,, but rather by the unknown roughness of the 
surface of the aluminum target material when it was 
extruded. It may, in fact, be the case that oxidation has 
smoothed the surface of the target [29]. 

The surface of the gold target was not examined with 
the scanning electron microscope. It is possible that its 
surface contains cubic crystals of gold, but a large 
fraction of the surface being covered with such crystals 
is inconsistent with the secondary-electron-yield data. 
For randomly oriented cubic crystals, the yield calcu- 
lated from the Y(0) a l/cos 19 relation is found to be 
(Y) = 1.273Y(O”), which represents a 27.3% increase 
over the eq. (5) prediction. This increase is much larger 
than the - 5% discrepancy between eq. (5) and the 
data. 
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