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We have measured the ion-induced secondary-electron-emission (SEE) yields in forward and

backward directions from thin sputter-cleaned foils in ultrahigh vacuum. C, Al, Ti, Ni, and Cu

have been bombarded with H+, H2+, and H3+ (0.3—1.2 MeV/amu), and C and Al have been bom-

barded with C+, 0+, and CO+ (15—85 keV/amu). The yields induced by molecular and cluster ions

are compared to those induced by the corresponding isotachic monoatomic projectiles. We observe

molecular effects as yield reductions at low projectile velocities (U~ = U, ) and yield enhancements at

higher velocities (U~ &&U, ). The results are discussed in the framework of the extended kinetic-

emission model by Sternglass and the energy-loss model for clusters by Brandt and Ritchie. The ve-

locity dependence of the molecular effect in SEE follows the velocity dependence of the molecular

effect in Brandt's energy-loss calculations. Thus it seems that the energy loss is also proportional to
SE yields for molecular projectiles at velocities around and above the Bohr velocity Uo.

I. INTRODUCTION

It is well established that the interaction between
heavy, swift atomic particles and a solid can result in
emission of electrons from the target surface. This is re-
ferred to as secondary electron emission (SEE), and the
total SEE yield, y, is defined as the average number of
electrons emitted per incoming projectile.

Different production mechanisms lead to SEE.
(i) The so-called kinetic emission of electrons is gen-

erally considered as a three-step process. First, the pro-
jectile transfers kinetic energy to target electrons. Next,
a fraction of these electrons moves from the bulk towards
the target surface, and, finally, a fraction of the electrons
reaching the surface passes through it, Thus, the kinetic
emission is clearly related to that fraction of the kinetic
energy of the projectile which is communicated to target
electrons (the electronic stopping power, dE/dx), and
Sternglass' suggested y to be proportional to dE/dx.

(ii) If the neutralization energy of the projectile at the
target surface is more than a factor of 2 larger than the
work function of the target material, an electron may be
ejected from the target at the same time as another target
electron is captured by the projectile. This is essentially
an Auger transition, and is referred to as potential SEE.
Being exothermic, it can occur for all projectile energies,
as long as conservation laws are not violated, and it is
generally assumed to be a steadily decreasing function of
the projectile energy. However, potential ejection can be
the primary source for SEE only at projectile energies
substantially lower than those used in the present work
and therefore is disregarded in the following discussion.

(iii) For heavy projectiles at not very low energies,
recoiling target atoms can also cause kinetic SEE with
the result that a fraction of y is related to the nuclear
stopping power, see, e.g., Ref. 3. Since this fraction is

very small, it shall be disregarded in the following.
However, it must be kept in mind that a full, quantita-

tive theoretical description will be very involved, being a
many-body problem to be solved by time-dependent
quantum mechanics. This makes an ab initio theory
difticult at present and calls for systematic experimental
studies.

Some experimental studies ' have been carried out
to test whether a possible proportionality between y and
the electronic stopping power exists. This proportionali-
ty was confirmed experimentally as a function of the pro-
jectile velocity v~ for proton bombardment in a wide en-

ergy range 10 keV ~ EI ~ 10 MeV. ' ' With heavy

ions, some deviations from this simple proportionality,
especially at low projectile velocities (E /M & 200
keV/nucleon), have been observed. ' ' For a recent re-
view of data obtained with protons see Refs. 13 and 14,
and for a discussion of heavy-ion-induced SE yields from
thin foils see Ref. 12.

A few experiments' ' have been carried out with in-

coming molecular ions besides isotachic rnonoatomic pro-
jectiles with the task to answer the question of whether
the SEE yield produced by a molecular projectile equals
the sum of SEE yields produced by the atomic constitu-
ents of the molecule. Conveniently, the "molecular
effect" is expressed by the ratio R between the yield in-

duced by the molecule and the sum of the yields pro-
duced by its constituents:

y(molecule)Ry=
g y(atomic constituents)

and thus, an observation of R&1 is taken as an indica-
tion of the presence of a molecular effect.

Molecular effects have been observed in other features
related to atom-solid interactions such as charge-state
distributions (see Refs. 22 —25 and references quoted
therein), optical beam-foil processes (see Refs. 25 and 26
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and references therein), and also in energy-loss measure-
ments. Of these various phenomena for which
molecular effects can be present, we want here to call spe-
cial attention to the energy-loss processes, because, as
mentioned above, according to the model of Sternglass, '

one would expect proportionality between y and the elec-
tronic stopping power.

Stopping powers have been measured with molecular
projectiles only in rare cases, and enhancements (R ) 1)
as well as reductions (R &1) have been reported.
Yet the available data are too sparse to unravel systemat-
ic trends, though it comes out that the stopping power
for a molecule is a function of the velocity of the projec-
tiles as well as of the orientation of the cluster with
respect to the direction of motion. Therefore, con-
versely, if a proportionality between y and dE/dx, as
predicted by Sternglass, ' is confirmed experimentally,
SEE data can yield valuable information in cases where
stopping-power measurements are difficult or uncertain.
This indicates the need for further experimental studies
of SEE as well as stopping powers with molecules. How-
ever, we mention that it is not clear at all whether one
should expect y to be proportional to dE/dx for the
molecular projectiles used here, because at the lowest
projectile energies a strict proportionality between y and
dE/dx does not seem to be fulfilled even for the corre-
sponding monoatomic projectiles. "'2

For molecular projectiles, the number of electrons can
differ from the total number of electrons of the corre-
sponding monoatomic projectiles. Therefore, a question
related to molecular phenomena is the charge-state
dependence of SEE induced by monoatomic projectiles as
well as the SE yield induced by electrons. For example,
the question can be raised of whether a neutral projectile
produces secondary electrons in an amount equal to the
sum of those produced by a singly ionized positive ion
and an isotachic electron. ' According to Ref. 36, it is

normally expected, but not well documented experimen-
tally, that isotachic protons and electrons produce the
same number of secondary electrons. However, Ref. 36
refers only to a few not very convincing data sets. Fur-
thermore, Holzl and Jacobi have Ineasured SEE pro-
duced by 0.1-1 keV electrons. Their data together with
those given in Ref. 21 seem to indicate that the yield pro-
duced by electrons is only approximately 0.6 times the
yield produced by isotachic protons, but firm conclusions
cannot be drawn from these data sets, ' ' because they
have been obtained under different experimental condi-
tions. Thus, one might expect neutral hydrogen atoms
(H ) to produce from around 1.6 to 2 times as large a
yield of secondary electrons as isotachic H+.

Kroneberger et al. ' studied the secondary-electron
yields produced both in forward (y&) and in backward
(y„) directions by H and H+ traversing thin carbon
foils. They found that yf(H )=2yf(H+) for the thin-
nest foil they used, decreasing towards yf (H ) = yf (H+ )

with targets thicker than -250 A and
yq(H )=1.6yq(H+). However, these data were taken
only at one relatively high energy (1.2 MeV/u), whereas
in the present paper we report on energies as low as 15
keV/u. Thus, again, the need for experimental studies of

SEE induced by isotachic protons, electron-carrying pro-
jectiles (like molecules, clusters, and heavy ions) and elec-
trons within the same detection system for velocities
around and above the Bohr velocity becomes obvious.

II. EXPERIMENT
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FIG. 1. Experimental setup. (1) Antiscattering and beam-
current-normalization aperture, (2) electron repelling grids, (3)
"y cups" which collect the secondary electrons emitted in the
forward and backward directions, (4) target holder with eight
targets, (5) particle detector for scattered projectiles, (6) Faraday
cup with electron repeller.

The experiments were carried out in the UHV chamber
at the 2.5-MV Van de Graaff accelerator at the J. W.
Goethe Univeristy in Frankfurt, Germany, described in
Ref. 38. The pressure during the measurements was

pUHv & 2X 10 Pa. Special equipment for the measure-
ment of the SE emitted in the forward and backward
directions was installed in this chamber, as shown in Fig.
1. Two stainless-steel cylinders (no. 3), the so-called "y
cups, " with a conical opening towards the target (no. 4),
collected the emitted SE independently in the forward
and backward directions.

Grids (no. 2) at the front of both cylinders were held at
a negative potential to avoid the collection of SE pro-
duced outside the "y- cups, "e.g. , at the apertures, and to
hold back the fast SE emitted downstream. The beam
could pass these high-transmission grids through small
holes without producing SE. By applying a positive po-
tential to the y cups, the SE could be completely collect-
ed. A negative potential applied to the target helped to
avoid influences due to instabilities of the beam intensity
or contact potentials (see, e.g., Ref. 21).

With symmetric potentials of +40 V at the y cups and
—40 V at the target holder and grids, the sum of the SE
collected in the cups in the forward and backward direc-
tions, i.e., yf+yb, was equal to the total SE yield, y,
(which can easily be obtained by measuring the ion-
induced target current ') within +5%. Furthermore, the
ratio of the forward to the backward SE yield,
R =yf/y~, showed the same value as measurements
with other equipment ' within an error of +8%. The
collection of SE from the apertures was also minimized

by applying a positive potential (+80 V) to a beam aper-
ture in front of the target.
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We used thin, self-supporting target foils of C, Al, Ni,
Ti, and Cu produced by standard evaporation methods.
The pressure during the evaporation was held at 2 X 10
Pa, using a diffusion pump with an LN2 trap in order to
achieve foils that are as pure as possible. The foils were
held by rectangular frames with P = 10-mm holes, mount-
ed on a target holder (no. 4 in Fig. 1) connected to a
UHV linear motion feedthrough. In this way, eight
different targets could be alternately moved into the beam
axis.

A UHV-compatible charged-particle detector (no. 5)
mounted at an observation angle of 35' with respect to
the beam axis could measure elastically scattered projec-
tiles through a small hole in the forward y cup. The tar-
get thickness of the C and Al target foils was then calcu-
lated relative to the count rate from optically calibrated
"normalization" foils of a 1000-A thickness each for C
and Al. With Ni, Ti, and Cu we used only a few foils
each and their thickness was measured during evapora-
tion using a standard quartz oscillator technique. The
smallest foil thicknesses were 160 A for Al and 145 A for
C.

The beam, which was prepared by the 2.5-MV Van de
Graaff Accelerator, was momentum analyzed in a magnet
and deflected by 15' into the beam line, where the pres-
sure was 10 Pa. The beam was focused by several aper-
tures over a distance of 5 m to a diameter of ( I mm on
the target and then collected in the Faraday cup (no. 6).
Unfortunately, we have no opportunity to check on how
pure the molecular beams were, but from known breakup
cross sections we can estimate that only a fraction of(5% of the molecular beam, which might be broken up
in the beam line between the separation magnet and the
target, could reach the target and cause a systematical er-
ror of up to 5%.

Before the measurements with H+, H2+, and H3+, the
targets were cleaned by sputtering with heavy noble-gas
ions. In the case of the C+, 0+, and CO+ projectiles,
the targets were sputter cleaned with slow CO+. The re-
sidual target surface contaminations could be controlled
in the following ways.

(i) By measuring the total SE yield y, . The decrease of
y, towards a saturation value during sputtering due to an
increase of the work function and a reduction of the SE
escape depth when adsorbates and oxides are sputtered
away and the surface roughness is smoothed (see Refs. 16
and 40—42) is a simple method for surface control. A
minimum y, value indicates an optimum cleaned surface.

(ii) By means of Rutherford forward-scattering
methods using the particle detector (no. 5). This offers a
possibility to control the composition and contamination
of both the surface and the bulk of the target which is
sensitive to di8'erent elements. We estimate the residual
contamination with C and 0 to be (much) lower than 0.1

monolayer.
The number of SE collected in the y cups was usually

normalized to the beam current collected in the Faraday
cup (FC no. 6 in Fig. 1) behind the target. With the slow,
heavy ions and molecular projectiles this was not possi-
ble, since, due to the strong multiple scattering of the
slow ions and the Coulomb explosion of the molecular

projectiles, the beam was broadened up and could no
longer be fully collected in the FC. In these cases we
used the antiscattering aperture (no. 1 in Fig. 1) as a
beam monitor and normalized to the current collected
there. For the normalization to the number of projec-
tiles, the ratio of the currents at the aperture and in the
FC was measured without a target between each run with
a target. The experimental error of +8% with FC nor-
malization increased to +15% with the aperture normali-
zation.

III. RESULTS AND DISCUSSION
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FIG. 2. Data for yf (left-hand side) and yb (right-hand side)
obtained with H+, H2+, and H3+ at 0.3 MeV/u in aluminum
targets, plotted vs the foil thickness. The dashed lines indicate
the values yf and y&, averaged over the foil thickness, for each
projectile.

A. Data obtained with hydrogen molecular projectiles

In Fig. 2 the SE yields yf (left) and y& (right) obtained
with H+, H2+, and H3+ at 0.3 MeV/u are plotted versus
the target thickness of the aluminum foils. We generally
observe that yf is a factor of 1.1 up to 1.2 larger than y&.
Similar findings have been reported previously. ' This
can be interpreted by the fact that binary collision pro-
cesses will clearly favor SEE in the forward direction.

As can be seen from the figure, our data do not show
(within the uncertainty limits) a systematic dependence of
te SE yields yf and yb on the foil thickness within the
target thickness range used here. SEE can be associated
with the following mean free paths (MFP) which must be
put in relation to the target thickness d.

(i) The MFP for charge exchange of the projectile, A,
(ii) The MFP for electrons escaping from the solid into

the vacuum, A,,(E, ). Since the majority of emerging elec-
trons has energies around E, =10 eV, we have an escape
depth or average MFP k, (E, =10 eV)=15 A. A more
thorough discussion is found in Ref. 44.
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Thus, the behavior of the backward SE yields can be
understood by the fact that the foil thickness d & 150 A
was always larger than the escape depth of the SE, which
is in the order of A,, =10—20 A, and thus k, «d. Also,
the binding electrons are stripped off within the first
50—100 A (Ref. 45) of the target foil, i.e., within the MFP
for charge exchange A,„which again is smaller than the
thinnest foils used: k, & d.

In the forward direction, however, a target thickness
dependence of yf in a comparable target thickness range
has been reported in the case of carbon foils. ' This
dependence was interpreted as a molecular effect, which
decreased with increasing target thickness due to the in-
creasing separation between the cluster particles, caused
by Coulomb explosion of the molecule and multiple
scattering. Similar results have been reported as well for
stopping powers in charge-state distributions, optical
beam-foil excitation measurements, and in quantum
beat studies. However, all molecular effects under
study have been found to decrease steadily with increas-
ing foil thickness d and to be very small or absent at
dwell times comparable to the longer ones in our experi-
ment.

In our experiment, however, for the heavier target ma-
terials and lower projectile velocities the multiple scatter-
ing is stronger, destroying the correlation between the
constituents of the molecular projectile already at a
smaller target thickness. In these cases, a target thick-
ness dependence of yf due to a molecular effect would be
expected to take place in a target thickness range below
the thinnest foils we could use. For our discussion below,
we therefore use the mean SEE yields, averaged over the
foil thickness.

In Fig. 3 the mean values of yf (left) and y~ (right) for
protons (upper part) are plotted versus the projectile en-

ergy per proton for different target materials (C, Al, Ti,
Ni, and Cu). In the lower parts of the figure, the ratios
R(yf) [Eq. (I)] (left) and R(yb) (right) are plotted for
Hz+ (middle part) and H3+ (lower part), respectively.
The dashed lines indicate R =1, where the yield of the
molecule would equal the sum of yields of its atomic con-
stituents and thus signalize the "no molecular effect"
value.

For H2, the forward ratio is slightly below unity, i.e.,
R, =0.85+0. 15, and shows no significant dependence on
the projectile energy. Since, as seen from the above dis-
cussion, no molecular effect is expected for yf, this might
indicate a systematical error of 15% for R (yf ).

In the backward direction, however, a slight increase
of R (yb ) with Ez can be seen, starting with
R =0.75+0. 15 ( & 1) at 0.3 MeV/u and ending with
R =1.2+0. 15 () 1) at 1.2 MeV/u for most target ma-
terials. A new result is that we observe a reduction of the
SEE yield per proton for hydrogen clusters at low veloci-
ties(U &5 U, ).

Kroneberger et al. ' studied SEE with H, H+, and
H2 projectiles at 1.2 MeV/u using thin carbon foils and
found an enhancement of R(yb) =1.2. They interpreted
this as a proportionality between the molecular enhance-
ment in the SEE yield and electronic stopping power for
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FIG. 3. In the top section yf (left-hand side) and y& (right-
hand side) obtained with H+ and five different target materials
(C, Al, Ni, Ti, and Cu) are plotted vs the projectile energy.
Below are plotted the ratios R(yf ) (left-hand side) and R(y&)
(right-hand side) between the SEE yields induced by the molecu-
lar projectiles and the sum of yields induced by two, respective-

ly, three protons for H, + (middle section) and H3+ (bottom sec-
tion), respectively, vs the projectile energy per proton. The lines
are drawn to guide the eye. The dashed lines indicate R =1,
i.e., no molecular effect, see text.

H2+ in accordance with the Sternglass model. '

The electronic stopping power per proton for H2+ and
H3+ at velocities relevant to this work has been measured
on carbon and gold foils and found to be somewhat (fac-
tors of approximately 1.2 and 1.5, respectively) larger
than those for H+ (Ref. 27). This was related to the
well-known fact that the electronic energy-loss scales
with the square of the effective charge of the projectile,
implying that for distant interactions the protons forming
a cluster will act almost as a point projectile with a
charge equal to the sum of the charges of the protons,
whereas for close interactions the protons will act in-
dependently.

On the other hand, a stopping-power ratio smaller than
1 has been reported for slow Hz+ and Nz+ in carbon. '
The "molecular effect" R changes from a reduced (R & 1)
to an enchanced value at a velocity around one atomic
unit. Thus, it is, in principle, possible for H2+ and H3+
that corresponding reductions of the stopping powers are
present at the velocities where we observe molecular and
cluster reductions in the SEE yields.

Furthermore, in Hz+ and H3+ clusters, the charge of
the cluster will be screened by the binding electrons.
This will lead to a reduced stopping power and SE pro-
duction just within the first few nm of the foil, from
which the SE emitted in backward direction originate.
The slower the projectile is, the less the binding electrons
can contribute to yb, so that the screening dominates,
causing R () „)& l.

With H3+, similar conclusions can be drawn from our
results. Although we could measure at only two energies
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of 0.3 and 0.6 MeV/u, the data show the same trend as
with Hz, namely an increase of yb with the projectile
energy. A slight increase of yf with E can be seen,
which is not expected to be significant, see discussion
above.
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B. Data obtained with CO+

The values for yf and y&, measured with CO+ projec-
tiles on carbon targets of various thicknesses, are plotted
versus the projectile energy per nucleon in Fig. 4. For
comparison, the sums of yf & obtained with monoatomic
projectiles (C+ and 0+) are also shown. The corre-
sponding data obtained with Al foils are given in Fig. 5.
We note from these two figures that the SEE yields pro-
duced by CO+ are mainly somewhat (say, 15%%uo) smaller
than the sum of yields produced by C+ and 0+, and that,
again, there is no clear monotonic variation with foil
thickness. The R values [Eq. (1)] corresponding to the
data given in Figs. 4 and 5 are shown in Fig. 6, but since
no clear variation of yf b with foil thickness is seen in
Figs. 4 and 5, only mean values for R, averaged over foil
thickness at each projectile energy are given in Fig. 6.
%'e notice that generally R& & Rf & 1 at the projectile en-
ergies used here.

In the following, the results will be compared to elec-
tronic stopping powers for molecules. First, data for the
foil entrance (where the projectiles clearly are not orient-
ed) will be discussed, and next, foil-exit data (where the
projectiles may be partly aligned) are discussed.

The electronic stopping powers for nonoriented molec-
ular projectiles seem to show some molecular enhance-
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ment in the projectile velocity region of interest here.
This has been observed experimentally (Ref. 32), and a
theoretical work based on Monte Carlo calculations (Ref.
33) indicate that for initially randomly oriented molecu-
lar projectiles, only enhanced molecular electronic stop-
ping powers can be expected.

In our measurements, the projecti1es were initially not
oriented, so that at the entrance of the foil an enhance-
ment of the electronic stopping power would be expected.
Despite this, the data for Rb show molecular reductions,
see Fig. 6. The Monte Carlo calculations give R & 1, but
they do not take into account the screening of the projec-
tile charge by the binding electrons, which are assumed
to be lost at the very entrance of the foil. So, they might
not be very accurate, in particular, for the low velocities
used in our experiment. Furthermore, energy-loss mea-
surements always give an integral measure over the whole
target thickness, ~hereas y& is a probe for what happens
in the first few A of the foil, depending on the escape
depth A,, of the SE. Within this thickness, the binding
electrons have the chance to survive, screening the pro-
jectile charge and possibly leading to a smaller energy
loss and SE yield before they are stripped ofF. As soon as
they are lost, the cluster particles will su8'er energy loss
with their full charge, which then can lead to an
enhanced stopping power, as discussed above. Addition-
ally, in recent works, where monoatomic heavy ions were
used in the same energy region as here, it was found that
the proportionality between y and dE/dx seems not to
be strictly fulfilled for heavy projectiles at velocities near
the Bohr velocity (Refs. 11 and 12).

During the passage through the foil, a fraction of the
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FIG. 5. The upper part of the figure shows yf vs projectile
energy per nucleon for CO+ on aluminum foils of various
thicknesses. For comparison the sum of yf produced by C+
and 0+ (dashed line) is also shown. The lower part of the figure
shows corresponding data for yb. Some typical error bars are
drawn.
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molecular ions may align their axis along the beam axis
due to the wake effect. ' ' Such projectiles suffer smaller
energy loss (Ref. 31) and will stay together for rather long
distances (some 10 nm), Ref. 30, in contrast to unaligned
clusters. The presence of such aligned molecules may ex-
plain that we observe molecular reductions for Af (Fig.
6). Yet, at the foil exit, a majority —if not all —of the
projectiles will have undergone Coulomb explosion in the
foil, so that their internuclear separations are larger than
at the foil entrance. This will, of course, in any case fur-
ther reduce the small molecular effect (whatever its na-
ture may be) at the foil exit in comparison to the foil en-
trance, as we observe it. However, at present, no clear
conclusion can be drawn concerning the molecular reduc-
tion of yf we observe, and further work with thinner tar-
gets is needed.

C. Possible explanations for the molecular efFect

As mentioned in the introduction, in the kinetic SEE
model, Ref. 1, the secondary electrons are produced from
a combination of the following three steps.

(i) Transfer of kinetic energy from the projectile to
some target electrons.

(ii) Transport of some electrons from the bulk towards
the target surface.

(iii) Transmission of some of these electrons through
the surface.

The presence of a molecular effect in our data indicates
that a modification of at least one of the three steps
(i)—(iii) takes place when two or more particles move

Projectile Energy per Nucleon (ke&/u)

FIG. 6. The upper part of the figure shows Rf for CO+ on
carbon foils and aluminum foils vs the projectile energy per nu-
cleon. For each projectile energy, only values averaged over the
different foil thicknesses {cf. Figs. 4 and 5} are shown. The
lower part of the figure contains corresponding data for Rb.
Typical error bars are drawn.

through the solid as a cluster. The two latter processes
(ii) and (iii) are given by target properties in the sense that
if the initial kinetic-energy distributions resulting from
step (i), even if caused by different projectiles, are the
same, then the transport (ii) and the transmission (iii) will
be the same. Consequently, the molecular effects we see
seem to be related basically to step (i), i.e., the creation of
internal SE.

Several possible processes can be discussed, which may
give rise to this modification.

(i) The binding electrons are lost in the first layers of
the solid and can then create additional SE or even be
emitted themselves. This process may lead to an
enhancement of y b if the binding electrons are lost within
the escape depth of the SE (some 10 to 20 A, see Refs. 21
and 44, and if they come into play in addition to the elec-
trons carried by the monoatomic projectiles. '

(ii) As long as the binding electrons are not yet lost,
they can additionally screen the projectile charge with re-
gard to distant collisions or collective excitation of the
electron plasma of the solid. This can lead to a decreased
energy loss of the molecule in the first few A of the solid
and thus to a smaller yb. If some molecules survive over
longer distances inside the solid, this may even lead to a
decrease of yf.

(iii) When the binding electrons are lost, the effective
charge of the cluster with regard to distant collisions will
equal the sum of the effective charges of its monoatomic
contituents, q,fr,~=(gq, ff at) . Since, for the energy
loss, the square of the effective charge is relevant, the en-

ergy loss which the cluster suffers in distant collisions will
be larger than for the single, monoatomic projectiles.
This may increase the production of SE and lead to an in-
creased SE yield in the backward direction, and as well in
the forward direction of thin foils, where the cluster has
not yet separated too much due to Coulomb explosion
and multiple scattering (see Ref. 21). In contrast, with
regard to close collisions, the atomic constituents of the
cluster will act independently (q,s „=gq,s „)and no
molecular effect can be expected.

(iv) If one of the cluster particles is caught in the wake
potential of another, then it may suffer less energy loss
than a free projectile. If such aligned clusters survive un-
til the exit of the foil, which seems to be possible even for
large distances, ' ' this may lead to a decrease in yf.

The majority of these processes should be significant
only at the entrance side of the foil and at the exit of
rather thin foils (some 10 to 100 nm, depending on the
projectile energy). The appearance of molecular effects
for yf also for thick foils indicates that some not yet fully
understood processes may play a role for SEE and more
experimental data concerning SEE in connection with en-
ergy loss are needed to elucidate the problem.

The velocity dependence of our measured molecular to
atomic SE yield ratios is similar to the cluster energy-loss
ratio calculations by Brandt and Ritchie. ' This quali-
tative agreement can be seen from Fig. 7, where the
"molecular effect" parameter R (yb ) is plotted as a func-
tion of the projectile velocity v . The experimental re-
sults for CO+ on C and Al from Fig. 6 (dotted lines) and
for H~ on various target materials from Fig. 3 (dashed
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FIG. 7. Molecular effect parameter R(yb) as a function of
the projectile velocity v~. The experimental results for CO+ on
C and Al targets from fig. 6 (upper and lower dotted lines, re-

spectively) and H2+ on various target materials from Fig. 3

(dashed line) are compared to the theory of Brandt and Ritchie
(Refs. 27 and 34) (solid line) for H2+ on C.

line) are compared to the cluster energy-loss theory of
Brandt and Ritchie (Refs. 27 and 34) for H2+ on C. A
slight increase of R with v is expected from the theory
and is confirmed by the experimental results. However,
at lower projectile velocities, we observed a yield reduc-
tion 8 & 1, and this is a new finding which is not included
in present theories. The similar velocity dependence of
the measured molecular-to-atomic SE-yield ratios and the
energy-1oss ratio calculations may indicate an approxi-
mate proportionality between y and energy loss, also for
molecular projectiles at velocities around and above the
Bohr velocity.

However, simultaneous measurements of SE yields and
the projectile energy loss are desirable, especially with
molecular projectiles. Such experiments will help to clar-
ify in which cases a proportionality between SE yields
and energy loss (according to the Sternglass model') ex-
ists.

In a previous experiment (Refs. 16 and 47), in which
CO+ projectiles and carbon foils were used and only the
total SE yield y, was measured, an oscillatory structure
was found for R (y, ) when plotted as a function of the ra-
tio r„ IA,„,where r„ is the internuclear distance and A, is
the wake wavelength. The oscillations were explained as
resulting from the superposition of the wake potentials of
the two, Coulomb-exploding, molecular fragments when
exiting the foil. The oscillations should therefore be more
pronounced in our present measurements in which yf
and yb have been recorded separately.

In Ref. 18, r„was calculated regarding only the
Coulomb explosion, and a target thickness dependent
phase shift had to be introduced in order to fit a common
oscillation for a11 data —a phase shift which accounted
for the precise (AngstrIim-range) target thickness. We
have calculated r with the Monte Carlo procedure de-
scribed in Ref. 33, which includes Coulomb explosion,
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FIG. 8. The figure shows Rf for CO+ on carbon (upper sec-
tion) and aluminum (lower section) vs r„/A, , see text. Typical
error bars are drawn.

IU. CQNCLUSION

We have measured the secondary electron yields in the
forward (yf ) and backward (yb ) directions from thin C,
Al, Ti, Ni, and Cu foils, induced by the molecular projec-
tiles Hz+, H3+, and CO+ and their isotachic atomic con-
stituents H+, C+, and 0+. At low projectile velocities
(v &2v~ ), we observe a reduction, at higher velocities
(v &4U&) an increase of the SE yields induced by the
molecular projectiles compared to the sum of the yields
induced by their isotachic atomic constituents.

We discuss these molecular effects in the frame of the
Sternglass model' for kinetic emission of electrons, which
divides the mechanism which leads to SEE into the three
steps —production of internal SE, their transport to the
surface, and finally their transmission. We conclude that
the first step, the production, is the most sensitive one to

multiple scattering, and wake potential superposition.
Figure 8 shows the results we obtained for Rf plotted
versus r„ lA, . Within the uncertainty limits, there is no
oscillatory behavior of Rf for the carbon foils.

Recently, it has been mentioned by Arista et al. that
the results of Refs. 16 and 47 can possibly be understood
within cluster vincinage effects, as discussed above, and
that it is not necessary to introduce Wake effects to un-
derstand these results. A closer inspection of our new
aluminum data, however, indicates that an oscillation
cannot be excluded for the thinnest targets. However,
the amplitude of the oscillation is within the experimental
uncertainty and is, therefore, not considered relevant.
The reported oscillations in Refs. 16 and 47 may have
likely been simulated by insufficient target thickness mon-
itoring.
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differences between molecular and atomic projectiles. It
is influenced by the contribution of the binding electrons
to the SE yield due to their additional production of SE
as well as due to their screening of the projectile charge.
The influence of the joint charges of the cluster particles
on the energy loss of the cluster can furthermore affect
the number and energy as we11 as spatial distribution of
the internally produced SE.

However, the interplay of these different processes
makes it diScult to determine how they act individually
or whether yet other processes are involved. Further ex-
periments with thinner targets, especially with simultane-
ous SE-yield and energy-loss measurements, are clearly
needed to elucidate these problems. The similar velocity
dependence of our measured molecular-to-atomic SE-
yield ratios and Brandt's energy-loss-ratio calculations

seem to indicate an approximate proportionality between

y and energy loss, also for molecular projectiles at veloci-
ties around and above the Bohr velocity. If this can be
confirmed, SE-yield measurements may become a useful
tool for the determination of energy loss in cases where
energy-loss measurements are not easily applicable.
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