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The secondary electron yields from polycrystalline aluminum and copper under H*-,
H,*-, and H;*-ion bombardment are compared as a function of ion velocity. The ratios
obtained by dividing the yields for H,™ and H;* ions with the yield for protons increase
with ion velocity. The rate of increase is higher for aluminum targets than for copper
targets. The experimental results are explained by considering the charge states of the
molecular constituents during penetration of the first few atomic layers important for the
electron emission process. Both effects caused by close single-particle collisions and dis-

tant plasma collisions are considered.

I. INTRODUCTION

During the last few years much effort has been
made to investigate the interaction of energetic
molecular ions with solids. Especially the penetra-
tion of swift molecular ions through thin foils has
been studied.

From stopping theory it is well known that the
charge state of penetrating ions influences the elec-
tronic stopping power. Since the electron yield,
obtained at the bombardment of solids by energetic
light projectiles, is essentially given by the electron-
ic stopping power,"? also the electron yield must
be influenced by the charge states of the bombard-
ing projectiles. However, in the literature only a
few secondary electron measurements have been re-
ported where the charge-state effect has been stud-
ied. Most secondary electron emission measure-
ments have been performed with single ionized
atoms and only a few results have been reported
for molecular ions. This is unfortunate, since elec-
tron emission measurements using molecular ions
provide a unique possibility to get information
about the behavior of bombarding molecules dur-
ing penetration of the outermost layers of a solid.
In this work we show how the electron yield for
molecular hydrogen ions can be estimated by
studying the charge states of the molecules and
their constituents during penetration of the thin
surface layer important for the electron emission
process.

II. EXPERIMENTAL

The secondary electron yield has been measured
using polycrystalline aluminum and copper targets
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bombarded by Ht, H,*, and H;™ ions in the ener-
gy range of 10 to 350 keV for aluminum and 10 to
400 keV for copper.

The experiments have been performed in an ul-
trahigh vacuum system connected to the 50-kV
electromagnetic isotope separator and the 400-kV
ion accelerator at our laboratory. The gas pressure
in the target chamber was in the range of 7x 10710
to 1 X 10~° Torr during operation. In order to ob-
tain the necessary clean surface conditions of the
target, we always performed a self-sputtering pro-
cess just before the measurements were made. In
all the experiments the aluminum and the copper
targets were kept at 250 and 400°C, respectively.

The total experimental error in the yields has
been estimated to be within +5%, and the relative
error between the yields for the different kinds of
ions is within +2%. A detailed description of the
experimental system, the target treatment, the ex-
perimental conditions, and the experimental pro-
cedure is given in Refs. 3—6.

III. RESULTS

In Fig. 1 the secondary electron yield v is plot-
ted versus ion energy for H,™ and H;* ions bom-
barding copper. For H,* ions the yield increases
significantly in the range of 10 to 200 keV but it is
then almost constant up to the maximum energy of
400 keV. For H;™" ions the yield increases in the
whole energy region but the rate of increase de-
creases with energy.

For H,* and H;" ions impinging on aluminum
the results are shown in Fig. 2. The curves have
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FIG. 1. Secondary electron yield from polycrystalline
copper as a function of ion energy for H,* and H;*
ions.

the same shape as for copper targets, except at the
high energies where the yield induced by H,* ions
decreases and the yield for H;* ions is almost con-
stant.

Figure 3 shows y versus ion energy for protons
bombarding copper and aluminum.>® The yields
for the molecular hydrogen ions and protons with
equal velocity are compared in Figs. 4 and 5. The
ratios between the yields are calculated from the
values given by the solid lines in Figs. 1, 2, and 3.
The ratios increase with ion velocity both for
aluminum and copper targets, but the rate of in-
crease is higher for aluminum. For copper the
maximum values of yH2+/;/H+ and yH3+/yH+ are

equal to 2.0 and ~2.8, respectively. However, for
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FIG. 2. Secondary electron yield from polycrystalline
aluminum as a function of ion energy for H,* and H;*
ions.
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FIG. 3. Secondary electron yield vs ion energy for
protons impinging on copper and aluminum.

aluminum yH2+/7/H+ and 7’H3+/7’H+ are equal to

~2.3 and 3.3, respectively, at the high-ion veloci-
ties, even though the maximum velocities are lower
than for copper.

IV. THEORY

A. General

The basic relation for y is given by the equa-
tion®’

y=AD, (1)

where A is a constant determined only by proper-
ties of the target material and D is the mean ener-
gy per unit depth deposited in electronic excitation
at the target surface by a bombarding ion.

An explicit expression for A has been derived by
Schou.” However, the expression contains some
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FIG. 4. Secondary electron yield for H,* and H;*
ions bombarding copper, normalized to the yield for
protons, as a function of ion velocity.
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FIG. 5. Secondary electron yield for H,* and H;*
ions bombarding aluminum, normalized to the yield for
protons, as a function of ion velocity.

quantities which are not accurately known at the
present, e.g., the stopping power for low-energy
electrons. Therefore, A will here be treated only as
a material constant which drops out when the ra-
tios 7’H2+/7’H+ and yH3+/yH+ are considered.

The deposited energy density D can be split into
the contributions due to electronic and nuclear
stopping of the bombarding ion according to?

D =Dy +Dy , @)

where D(,) and D, are the mean energy per unit
depth deposited in electronic excitation by the pri-
mary ion and by recoiling target atoms, respective-
ly. D, depends on the electronic stopping of the
bombarding ions, while D, is related to the nu-
clear stopping.

For the ion velocities of interest in this work the
nuclear stopping power is orders of magnitudes
smaller than the electronic stopping power. There-
fore, D, is neglected in the following.

The surface value of D, can be expressed in the
form?>’

D,)(x =0,E,cosp)=PB(E,cosp)NS (E) , (3)

where x is the depth inside the target, E the initial
ion energy, @ the angle of ion incidence, NS, (E)
the electronic stopping power, and B(E,cosg) a di-
mensionless factor which accounts for the influ-
ence of ion backscattering and energy transport by
excited target electrons on D ,)(0).

In particular, if ion scattering and energy tran-
sport by electrons are ignored, =1 at perpendicu-
lar incidence. Generally, 3 needs to be evaluated
by means of transport theory.’

Equation (1) for y can now be written as
y=AB(E,cosp)NS,(E) . (4)

Since f3 turns out to be a slowly varying function
of energy,’ one finds that y is proportional to
S.(E) over quite large energy regions, as reported
by several authors.>%8-10

B. Application to molecular
hydrogen ions

At the projectile velocities used in this work
there are unfortunately only a few measurements
and calculations of the stopping power for molecu-
lar hydrogen ions.

However, one theoretical approach is to use the
dielectric formalism which has been applied to
stopping power calculations for atomic ions by
many authors (for a review see Ref. 11). In this
formalism the target medium is characterized by a
dielectric function and from this function the stop-
ping power for the bombarding projectiles can be
calculated. In particular, at projectile velocities v
larger than a certain threshold velocity vy,, which
is determined by the target material,'” e.g.,

v (Al) =~ 1.24 a.u., the collisions between the target
electrons and the bombarding particles can be di-
vided into (1) close single-particle collisions and (2)
distant plasma resonance collisions. Since excited
plasmons may decay into single or multielectron
excitation, as has been outlined by some investiga-
tors,!>!* both types of collisions may contribute to
electron emission. At v <vy, no generation of plas-
ma oscillations occurs.

In close collisions the molecular constituents act
as independent particles, but in distant collisions
they act as a united charge as long as the internu-
clear distance is less than v /wg, where w is the
resonance frequency of the target medium. '

Brandt and Ritchie'® have given an expression
for the relation between the dwell time in the tar-
get and the internuclear distance for a dicluster,
consisting of constituents with atomic numbers and
masses (Z,,M) and (Z7, M), in the case of an
unscreened Coulomb explosion,

t=to{£(E— 12+ [+ (-1}, (5)

with
E=R(t)/R(0)

and

to={R(0V/[(M{'+M|~'2Z,Z1e*]}'?,
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where ¢ is the dwell time and R (¢) is the internu-
clear distance. )

Equation (5) gives that a H,* ion impinging on
aluminum with a velocity v = 1.5 a.u. penetrates
~40 A before the two molecular constituents
behave as independent particles in dlstant colli-
sions, i.e., R (t) > v /w, if R0)=1.29 A.15 At
higher velocities this penetration distance increases
significantly.

In metal targets the majority of secondary elec-
trons originates from a surface layer with a thick-
ness of 10—20 A. Thus, during penetration of this
layer energetic molecular hydrogen ions act as un-
ited charges in distant collisions and, furthermore,
since the energy loss is proportional to the square
of the projectile charge,'? a fully stripped hydrogen
molecule with n constituents loses more energy
into plasma resonance excitations than n indepen-
dent protons (n%> n).

The electrons of a H, ™ molecule are equally
shared by the atomic constituents, i.e.,

H,*= %H++”—;—1H n=H*+(n—1H

so on the average the molecule may be regarded as
one proton and n — 1 hydrogen atoms. Inside the
solid, electron capture and loss processes take
place. Schematically, it may look as shown in Fig.
6 during penetration of the surface region. The
possibility of forming negative ions is neglected
and complications due to excited states are not tak-
en into account. If the model in Fig. 6 is used the
following quantities may be introduced.

pH+(H)(x,V): probability of an impinging proton
(hydrogen atom) with velocity V being in the initial
charge state at the depth x.

f(x,V): the fraction of the energy originally
deposited at the depth x, which is finally deposited
at the target surface, during bombardment by a hy-
drogen projectile with velocity V.

At perpendicular incidence and at the ion veloci-
ties used in this work, the energy loss during pene-
tration of the surface region is small compared to
E and ion scattering in the surface region is negli-
gible. Then, according to Eq. (3),

D,)(0,E,cosp)=P(E,cosp)NS, (E) ,
. |

proton and n —1 atoms D, (H,
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FIG. 6. Schematic diagram of a H," ion penetrating
the surface region of a solid.

the normalization condition for f reads

()
[, fxvidx =), (6)

where 3 is expressed in velocity variables.

According to Brandt'® and Yarlagadda et al.!”
the proton equilibrium charge state is close to or
equal to +1 at the ion velocities used in the
present work. Therefore, it seems appropriate to
assume that a H, ¥ molecule will initially have the
charge state + 1 but after a distance x, (see Fig. 6)
it will stay almost completely stripped, i.e.,

Pui(x>x0,V)=1
and

Py(x >x4,V)=0.
Using this model D,)(0,E, 1) for a neutral hydro-
gen atom can be written as

D(I,)(H)=af0D(p)(H+)+( 1 —fQ)D(p)(H+) , (7)

where 0<a <1 and
=—f Sf(x,V)dx ,

i.e., a is the ratio between the stopping powers for
hydrogen atoms and protons, and f, is the fraction
of 3 which arises in the distance x,. Furthermore,
regarding, on the average, a H, * molecule as one
*+) takes the form

Dy (H, *)=[14a(n —1)] foD ) (HY)+(1—fo)[(1—xg)n +xgn*1D(,(H*) , (8)

where xp is the fraction of D, (H*) which ori-

ginates from resonance processes. The term xzn?

in (8) represents the contribution from the reso-
nance collisions where the fully stripped molecule
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acts as a united charge. The factor n? occurs be-
cause the energy loss is proportional to the square
of the projectile charge.?

It may be mentioned that using a model with
less restrictive assumptions than used here, i.e., not
assuming that a H, ¥ molecule stays completely
stripped after the distance x,, gives a relation for
D, (H, %) quite similar to Eq. (8)."® However, the
comparison with experiment becomes more compli-
cated than here since some of the input quantities
are difficult to obtain.

C. Comparison between
experiment and theory

For the determination of D, (H, ™) by means of
Eq. (8) a is needed. Unfortunately, in the litera-
ture data from which a can be extracted, i.e., stop-
ping power data for hydrogen atoms, are scarce.
However, from Eq. (8) we found that

D (HyH)=2D(,(H,*)—Dpy(HH) +A, )

where
A=2xRD(p)(H+ )( 1 —f()) .

Thus, except for the contribution from A, which
differs from zero only at v >vy,, the electron yields
for H;* ions can be predicted using the yields
measured for H* and H,™" ions. This provides a
thorough test of the theory since three independent
measurements, performed under identical condi-
tions, are involved. -

In order to estimate A let us first consider xg,
the fraction of energy loss caused by plasma reso-
nance excitations. For copper electron energy loss
and optical measurements show that the plasma
oscillations have a broad range of frequency
response.'”” The major peak is centered around

ha)gz 20 eV.
Using this value of w, and a value

R(0)=~1.29 A

for H,™ ions given by Brandt and Ritchie,!* one
finds that v must be larger than 1.8 a.u. if the
molecular constituents are to act as a united charge
in distant collisions since it requires that R <v/wy.
Thus, the velocities used here are relatively low for
the generation of plasma excitations by molecular
ions. Furthermore, the different components of
the broad-frequency response function may inter-

fere by rapidly damping the plasma oscillations.?

Therefore, xy is put equal to zero as a first ap-
proximation and consequently A=0. The follow-
ing relation is then obtained from Eq. (9) for
copper targets,

YH3+:2yH2+_YH+ . ‘ (10)

For aluminum, which is a free-electron-like met-
al with a sharp peak at hwy=15.3 eV, the response
function of the plasma oscillations v must exceed
~1.4 a.u. if xz is not to be equal to zero, since for
v<l4au., R(0)>v/wy. A rough estimate of A
can be obtained in the following way. For n =2
Eq. (8) reads

D) (Hy")=D,(HY)[2—fo(1—a)]+A . (11)
Consequently, '

AzD(p)(H2+)~2D(p)(H+)
since

foll—a)>0.

As a first approximation, giving a minimum value,
we have used

A=Dp(Hy*)— 2Dy (HY) .

Since A always must be larger than zero this esti-
mate gives only a contribution to D, (H,") at the
high velocities where y,; / ¥4 >2. However,

2

this may be reasonable since xp increases with
velocity and, therefore, A is expected to be of
larger importance at high velocities.

The following relation is now obtained for
aluminum targets:

'VH3+=27H2+"'7/H+ +Aest ’ . (12)
where

0 for yH2+/yH+ <2
A=
Y+ —2yy+ for 7’32:+/7’H+ >2°

In Fig. 7 the yields obtained by means of Eqgs.
(10) and (12) are compared with the measured
yields normalized to the yield for protons. For
both aluminum and copper targets measurements
and theoretical predictions agree within less than
10%. This agreement is considered encouraging.
In Table I the values of fy(1—a) and xz(1—f)
extracted from the measured y values are listed.
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FIG. 7. Ratio between the secondary electron yields
for H3* ions and protons as a function of ion velocity.

At v <vy, the values of f(1—a) are taken from
the Vi, + /Yy + values, while at v > vy, the

Vu+ /Yy + values must also be used to obtain both
f()(l——a) and xR(l-—fo).

V. DISCUSSION

In the present work we have treated the so-called
molecular effects in the electron yields for H,*
and H;* ions by considering the charge states of
the impinging molecules and their constituents.
For H,™ ions such effects have also been reported
by Baragiola et al.?!

The values of 7/H2+/7/HJr and '}/H3+/7/H+ smaller

than 2.0 and 3.0, respectively, appear because

D ,)(H) is smaller than D, (H™), i.e., the electronic
stopping power for neutral hydrogen atoms is
lower than for protons. The increase of yH2+/ Y+

and vy 1 /Yy+ With v is because the fraction of
3

D(p,(Hn+) deposited during penetration of x,, i.e.,
the distance the molecule penetrates before it be-
comes fully stripped, decreases with v while the en-
ergy deposited in the region where the molecule is
fully stripped becomes more important for the gen-
eration of secondary electrons. At high enough
velocities ';/H2+/ Yy+ and yH3+/ Yy+ May be even

larger than 2.0 and 3.0, respectively, due to the
resonance collisions in which the molecule acts as
a united charge. Values of S,(H,)/S,(H") larger
than n (n =2,3) at high projectile velocities have
been found also by other authors.2—2*

Equation (9) implies that the electron yields
measured for HT and H," ions can be used in the
calculations of the yield for H;* ions. This sim-
plifies the comparison between experiment and
theory since some of the quantities in Eq. (8) are
not known very accurately, e.g., @, xz, and fj.
The approximations made in the calculations of A
for aluminum targets have a too-limited accuracy
for the A values to be regarded as precise. Howev-
er, from the extracted values of the parameters in
Table I it can be seen that A plays only a minor
role at the projectile velocities used here. A contri-
butes less than 5% to D, (H;*) but is expected to
be of larger importance at higher ion velocities,
i.e., when equipartition in the stopping power

occurs.?

TABLE 1. Extracted values of the parameters f(1—a) and xz(1— f,) for aluminum and

copper targets.

Ion velocity Aluminum Copper
(a.u.) foll—a) xg(1—fo) foll—a) xg(1—fo)
0.63 0.55 0.42
0.75 0.45 0.44
1.00 0.35 0.36
1.25 0.31 0.28
1.40 0.26 0.22
1.60 0.23 0.02 0.18
1.80 0.17 0.03 0.14
2.00 0.03 0.03 ~0 ~0
2.15 ~0 0.08 ~0 ~0
2.30 0.03 ~0
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