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Electron emission from carbon foils induced by keV ions

S. M. Ritzau and R. A. Baragiola
Laboratory for Atomic and Surface Physics, University of Virginia, Thornton Hall, Charlottesville, Virginia 22903
(Received 12 February 1998

We have measured yields of electrons emitted in the forward and backward directions from ultrathin carbon
foils due to 10—100 keV atomic and molecular projectiles. In general, electron yields are higher in the forward
than in the backward direction. Their behavior with projectile type and energy can be explained by a compe-
tition of a forward peaked angular distribution of initial ionization events and elastic collisions that tend to
randomize electron motion in the foil. Experiments with ions with atomic nurdbet — 10 indicate that heavy
projectiles produce less electron emission per amount of deposited energy by the projectile near the surface.
This is attributed to a larger fraction of low-energy electrons produced by heavy projectiles in the primary
ionization event that cannot surmount the surface barrier. For incident molecules, the backward electron yield
is less than the sum of the yields of the constituent atoms. Neutral atoms with relatively low ionization
potentials produce higher electron yields in the backward direction than the ions of the same species for
incident energies above about 5 keV/amu, which is attributed to electron loss from the projectile.
[S0163-182608)07629-2

I. INTRODUCTION Of particular importance is electron emission from thin
foils that is applied in time-of-flight mass spectrometers used
When ionizing particles interact with solids, they excite in space application$;* and in backscattering spectroscopy
electrons that can reach a surface and be emitted. The stuflyr surface analysi§>*® For instance, in the ion mass spec-
of this phenomenon is motivated by the information it carriestrometer on NASA's Cassini mission to Satdfi! ions
about the solid itself and the inelastic collisions within it. traverse an ultrathin carbon foil and the electrons they eject
Furthermore, secondary electron emission is of great practire used to provide a start pulse for a time-of-flighOF)
cal importance as a means of detecting the ionizing particléheasurement. lon mass is derived using a speed measure-
and its properties:3 Fast atomic projectiles produce ioniza- ment in conjunction with energy per charge analysis. In this
tions in solids mainly by nonadiabatic perturbations duringinstrument the highest mass resolution is obtained using the
collisions induced by the particle motiér, rather than by thinnest foils in order to minimize the angular and energy
the potential energy they may carry that can be released btraggling the ions experience when passing through the foil.
an Auger electron emission procss plasmon excitation The Cassini instrument uses ultrathin carbon foils which are
and decay.In this kinetic electron emission thimarypar-  nominally 0.5ug/cn? (~25A) thick. In our work, con-
ticle, the ionizing projectile, freesecondaryelectrons in col-  nected with the data needs for the Cassini mission, we are
lision events. These electrons then undergo a cascade of canterested in the physics of electron emission from foils, for
lisions in the solid, which can produce additional ionizations,instance, how the electron yields depend on the atomic num-
until their energy degrades into heat or is stored in long-livedoer of the projectile, its energy, its charge state, and its state
excited states. Those excited electrons that are energe®d aggregatiorfatoms vs moleculgs
enough to be above the vacuum level and that are directed Previous studies using foil targets have concentrated on
towards the surface of the solid may exit the solid beforethe higher electron yields that are often observed in the for-
being thermalized, giving rise to secondary electron emisward (downstream direction compared to the yields in the
sion. backward directiot*® This forward enhancement is nor-
A common observable in electron emission is the averaggally attributed to an anisotropy in the angular distribution
electron yieldy (number of electrons ejected per primary of electrons excited in individual atomic collisions between
particle either as an integral quantity or as a differentialthe projectile and an electron inside the foil. The literature
yield based on energy, angle of emission, and spin statéhows large discrepancies not only in the values of the yields
Electron emission events are statistically distributed; i.e., théut also in their energy dependence.
yield fluctuates around the mean valyand is described by
probabilities of emission off eleqtrons per projeptile. Gen- Il. EXPERIMENTAL TECHNIQUES
erally, electron yields correlate in first order with the elec-
tronic stopping powelS.=(dE/dx), at the surface, where The experiments were performed in an ultrahigh vacuum
dE is the energy loss spent in electronic processes per unihamber(base pressure in the 19T range connected to
path lengthdx. Typically, ejected electrons have a mostthe University of Virginia 120-kV heavy ion accelerator,
probable energy of a few eV and are emitted with a cosinavhich provided a mass analyzed ion beam collimated to a
angular distribution relative to the surface normal. This dis-diameter of 1 mm. The apparatus used to measure electron
tribution is distorted if the Coulomb field of an ionic projec- yields is shown schematically in Fig. 1. It was comprised of
tile is present. a foil holder, electrodes to measure electron and ion currents,
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a b cd e The ratio of the forward and backward yields is

| VAN | \ R=1/7= (121~ 11)/(Tl3p). 3
N

This ratio is not subject to variations in the beam current and
S0 can be measured more accurately. It can also be measured
directly when using neutral beams, which cannot be mea-
sured directly in the Faraday cup. For neutral beams, the
intensity can be obtained from the ratig /[ T(Z4f,) ] using

¢ ¢ the same ion fractiong, as for incident ions, since the

\Y charge fractions are equilibrium values that do not depend on
the charge of the ion entering the f&fl.To obtain neutral

1/ ] I \ beams, we passed the mass analyzed ion beam through a part

-50V -45V

of the beam line partially filled with a slight overpressure
(~3%107°T) of N, gas. A fraction of the beam was neu-
' tralized and the remaining ions were removed electrostati-
cally. We were unable to measure the excitation state of the
-50V 45V resulting neutrals, but we expect that the vast majority of
those excited upon collisions with the gas will rapidly decay
2b Lf to the ground state, with only a few percent of long-lived
= % metastable atoms remaining when the beam strikes th&foil.
The thin carbon foils used were manufactured by the Ari-
zona Foil Co. They were floated in water, and mounted on
FIG. 1. Schematic diagram of experimental setup showing elec~- 659 transparency flat nickel grittsince they are too thin
tron collection(top) and suppressiotbottom modes: The appara- g pe free standing. These foils, nominally @.g/cn?, were
tus consists of carbon foik) surrounded by a backward electrode found to be 1'%g/cmz from multiple-scattering experiments
(a) and suppressab) and a forward Faraday cup) and electrode with prot0n32.2 The density of the foilsp=1.8 glcrﬁ’ was

(f). The ion beam was measured in a movable upstream Faradqyatermined from the plasmon loss in electron-energy-loss

cup. spectrometry using the relationships given by Cudto.

From this value and the mass per unit area, the thicknesses of
fie foils were found to be-75A The grid transparency,
hich was found to vary considerably among grids, was de-

and electrodes to suppress secondary electrons from ap
tures. The foil divided the apparatus into upstream an

downstream electrodes. termined by measuring the mesh geometry using an optical

The incident beam currentlay) was measured in @ icroscope and from an absolute transmission measurement
movable upstream Faraday cup. Two additional current megs¢ o, jon beam. For our measurements, the fraction of open

surements were made to determine the electron yields. FQfio5 que to pinholes! acts to reduce the measured forward

the first measurement, all of the downstream electrodes WelL 4 packward electron yields by a factor of{H), while
connected electrically and the foil was biased negative0 the ratio of forward to backward electron yieRlis not af-

V) to accelerate secondary electrons toward the forward a cted by pinholes. The fractios! was measured to be

backward electrodes. Ignoring pinholes and backscattere 0.05 for all foils using a combination of current measure-
) . 0
ions, which affect measurements by less than 1%, the current ants and charge fraction data.

in the upstream collector i5,= — vyl heam@nd the current in During preliminary measurements, we found thatin-

the doyvnstream Fa'raQay cup 'slf.:T(quq_Yf)lbeam' creased with ion bombardment before reaching a saturation
HereT is the transmission of the grid, arfd are the frac- 56 at jon beam fluences of10° ions/cn? that was 20—
tions of the transmitted projectiles that have chagge/al- 44 o4 higher than the initiay; . The backward electron yield

ues of Z4f, were obtained from measurements of charge, . s ohserved to be independent of the ion-beam fluence.
distributions of ions through carbon foils performed at th'SFigure 2 shows an example of the measurement of the flu-

6 7,18
laboratory® and elsewhert’ '8 For the second measurement, ence dependence B A decreasén the electron yields with

the foil \;lvas biaslf‘,j poski]tiv;ﬁ(lsg Vf) {0 suppress electrons j, reasing fluence has been observed in the past using MeV
(return them back into the fojl.The forward suppressor was multiply charged ions on thicker foils. Arrakt al?*found a

disconnected from the forward Faraday cup and biased &

ecrease of up to 16% in the total electron yielgd € ;)
—50V to prevent escape of secondary electrons from th‘f‘rom 50 uglcn? foils after irradiation with ~4x 1015
back of this Faraday cup. In this configuratibsp,=0 and

L F*/cn? at 4 MeV, which they attributed to desorption of
21=TZqfqlpeam Leakage currents were limited t01 A, qitace contaminants which decreased the work function of
or <O.2%'of measured currents. The backward and forwargq ¢oil. Rothardet al2> measured a 14—36 % decrease in the
electron yields are then given by total electron yield from 1Qug/cn? foils after irradiation

with ~10'® ions/cnt of ~10 MeV/u heavy ions, and attrib-
Y= "l10/l beam D uted the change to surface smoothing and desorption pro-

cesses at the surfaces of the foil induced by electronic tran-
Y= U2t =110/ (Tlpeam- (2)  sitions.
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FIG. 2. Ratio of forward to backward currents (/1) from a
0.5 uglen? carbon foil as a function of fluence under 30 kel*
ion bombardment, measured with the foil biased negative. The ar-
rows on the graph indicate whéa) bombardment was ceased for
15 min and then resumed) the bias on the foil was changed from
negative to positive and then changed back; érjdthe chamber
was vented to dry nitrogen, left at atmospheric pressure for 2 h
re-evacuated, and bombardment was resumed.

FIG. 3. Electron yields for incident protons. Measured electron
yields in the forwardexit) and backwardentrancg directions for

H™ incident on 0.5.g/cn? foils (@). Also shown are the results of
(@) Meckbachet al. (Ref. 19 for 5 and 10ug/cnt foils, (b) Rothard

&t al. (Ref. 33 for sputter-cleaned 1fg/cn? foils, (c) Gelfort

et al. (Ref. 39 for 3 wg/cnt foils, (d) Billebaudet al. (Ref. 32 for
sputter-cleaned Zg/cn? foils, (e) Likhtenshtein and Tanko(Ref.

We attrlt;uteththe mcreasiesfm th? fOItwar(tj ylgld In Otijr €X29) for 1.0 uglcn? foils. The data by(g) Large and WhitlockRef.
p_erlmen S 1o the r_emova 0 _con amln_an S Dy spu e“ﬂgea and (f) Alonso et al. (Ref. 36 are for bulk carbon samples.
since the forward side of the foil was adjacent to the parting

agent that enables separation of the foil from the glass slide

on which it was grown during manufacture. The initially trend expected from stopping powers at low enerffles.
smaller yields suggest the emission of positive ions or thaBased on our data for molecular ions presented below, we
the contaminant layer has a lower electron yield than carborguspect that an explanation for the strong deviation at the
a high yield material. Using x-ray photoelectron spectroslowest energies may be that these authors inadvertently used
copy we found Na contaminants, which usually desorb a#i,” instead of H beams at their lowest energies. Our data
Na",2® on the surface of untreated foils. We note that, unlikeagree fairly well with that of Likhtenshtein and TanK8¥or

the MeV experiment$}?° sputtering in our case is not only 1.0 ug/cn? carbon foils. The results of Gruntman, Kozoch-
by electronic but also by knock-on processes and, thereforgina, and Leona8 and Leona$ on 1 ug/cn? foils is a factor
more effective in desorbing strongly bound contaminantsf 2—3 |ower than the data from this and other papers, and
such as Na. We notice that the cleaning process is irrevergye not shown in the figure. The data of Billebaatcal 32 for

ible, since after we do it, we obtain reproducible yields evenne packward yield from 1@glcn? foils lies about 15%
after briefly exposing the “cleaned” foils to the atmosphere. yigher than our results and also lies above the high-energy
The results presented below were determined using foils I'yata of Rotharcet al 32 for sputter cleaned 10g/cn? foils.

radiated well past saturation fluences. There is in general a good agreement with the recent results
by Gelfortet al3* on ~3 wg/cn? foils. Also shown in Fig. 3

IIl. EXPERIMENTAL RESULTS are backward electron yield data obtained from bulk graphite
Figure 3 shows electron yields in the forward and backiargets;>*®which are about 30% lower than the foil results.
Ward direction for protons incident on O@/Crnz fo”s] to- To test f0r differences in eXCitation processes betWeen

gether with results of other studies. We used deuterons tight and heavy projectiles, we measured electron yields for
extend the range to lower velocities since there is no isotopéll elements from H to Ne. The results, presented in Fig. 4,
effect when comparing yields for protons and deuterons ashow two general trends: for a given velocity, the yields
the same velocity’ The results of Meckbacét al.for 5 and  increase with increasing atomic number of the projectile and
10 ug/cn? foils'® agree roughly at high energies but their for each species the yields vary with velocityasv™, with
data appears too high at low energies and do not follow then close to unity. For proton impact, a deviation from this
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FIG. 4. Electron yields for ions of atomic numh#~1—-10 as a Energy (keV/amu)

function of velocity or energy/mass. The lines indicate a depen- ) )
dencey~»™. They are labeled by the atomic number of the pro- ~ FIG. 5. Ratio of forward to backward yields. Top: Results for
jectile. hydrogen(®) shown with the results ofa) Meckbachet al. (Ref.

15) for 5 and 10ug/cn? foils, (b) Rothardet al. (Ref. 33 for
behavior at highv follows an analogous trend in the elec- sputter-cleaned 1fg/cn? foils, (c) Gelfort et al. (Ref. 34 on
tronic stopping power. 3 uglent foils, (h) Gruntmanret al. (Ref. 30, and, (i) Likhtenshtein

The directly measured ratio between the forward ancdand ShabelnikovéRef. 37 on 0.8uglcn? foils. Center: Results for
backward yieldR= y;/vy,, is shown in Fig. 5 as a function helium(J) along with results ofb) Rothardet al. (Ref. 33 and(h)
of incident velocityv. For all projectilesR increases withy ~ Gruntmanet al. (Ref. 30. Bottom: Results for ionZ=3-10 (A
starting with a value near unity at low A value lower than Li» 2 B&, VB, VC, XN, + O, ¢ F, 0 Ne) with results of(b)
one is expected at low energies if the ions in the foils argXothardet al.(Ref. 33 for Ne and(h) Gruntmaret al. (Ref. 30 for
sufficiently thick to slow down the projectiles significantly. ©: E'for bars are shown at representative points.
This behavior is seen in the data of Likhtenshtein, Shabelni-
kova, and YasnoposRY suggesting that the thickness given Also shown in Fig. 7 is a remarkable decrease of 48,
by the authors (0.g cn?) is a nominal value quite lower ratio when going fronH to B, followed by a relatively con-
than the real value, as found in our work. A larger forwardstant value for the heavier elements.
than backward yield at high is expected from the forward An interesting question is how the electron yields pro-
peaked distribution of electrons from primary ionization duced by molecular ions compare to the yields produced by
eventst*38 their constituent atoms. For hydrogen projectiles on clean
The ratio of the electron yields to the stopping power,metals, previous studies indicate that the ratio of the yields
vlSe, derived using S, measured by Ormrod and y(H,",»)/2y(H*,v) at equal velocity is less than one be-
Duckworth®® is shown in Fig. 6. It can be seen that thelow ~4.5x10° cm/s and larger than one at higher
proportionality ofy with S, is only valid within about 30%  velocities?>3°~*2The reduction at low velocities occurs even
for different projectiles and velocities. For forward emissiontaking into account a smaller potential electron emission
¥1S, increases withy for protons and is nearly constant for yield by molecular ion§.A similar effect has been observed
heavy ions in our measured velocity range; we note &  for hydrogen clusters traversing thickes 7.2 ug/cn?) car-
decreases witlh at high velocities from the yields reported bon foils at energies above 40 keV/amu by Rothetrel*3
by Keller et al®’ for C and Ne projectiles. For backward Figure 8 shows our secondary electron measurements for
emission, y/S, is either constant or decreases slightly atH,” projectiles. These results show that<Xy; down to
highv. 10 keV/amu indicating a molecular effect in the secondary
The variation of the electron yields with the atomic num- electron yields in the backward direction. A similar, although
ber of the projectileZ is shown in Fig. 7 at a constant ve- weaker, effect is observed for forward emission.
locity corresponding to 5 keV/amu. The yielg$Z) show a To determine if a molecular effect exists also for heavy
much weaker structure than the straAgscillations inS,, ions and if it is the same for forward and backward emission,
an effect reported by Alonso, Baragiola, and Oliva-FI6fio. we did experiments with a range of homonuclear and hetero-
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tronic stopping powetbottom as a function of the atomic number

FIG. 6. Electron yields divided by electronic stopping power for of the projectile at 5 keV/amuy=9.6x 10’ cm/s). Stopping power
incident ionsZ=1-10(® H, (] He, A Li, A Be,¥ B, V C, X N, values were obtained by interpolating the values measured by Orm-
+ O, ¢ F, & Ne). Stopping power values were obtained by inter- rod et al. (Ref. 56 and were converted from eV ématom to eV/A
polating the values measured by Ormreidal. (Ref. 56 and were  using a measured density of 1.8 gftm
converted from eV cifatom to eV/A using a measured density of
1.8 g/cnt. Also shown are the data of Kellet al. (Ref. 57 (lines)
for Ne and C. Data by Kelleet al. (Ref. 57 for incident N and O
(not shown agree with our values within 5%. Typical error bars are
shown at representative points.

the potential emission was subtracted from the measured
yields using an empirical expressith.

Figure 10 shows that the backward electron yields for fast
H, Li, and C are higher for incident neutrals than for ions.
We found no significant difference in the yields for ions and
nuclear molecular projectiles. We compare the electron yieldheutrals of fast He, O, and F, all of which have relatively
for the incident molecular iory,, to the sum of the electron high ionization potentials. We also saw no effect of the in-
yields of its constituent atomsy, . If the yields are additive
(¥Ym=2 i), the ratioy,,/X y; should be unity. As a corol- forward backward
lary, the yield of a constituent atom could be obtained by T T
subtracting all the othey; from the molecular yield. In the 10 b oA JL N ]
case of most heavy molecular projectiles no molecular effect [ o3 Y 10 a Y h
is observed, within error, for the forward yields which are Y i o 9° o’ 10 ak h
seen to be additive in this energy range. For backward yields, ™ 92 °® | .ﬁ% S g° °® -
Ym<2%- ) o* ] foo® o

A long-standing question of great practical importance for
detecting energetic neutral atoms has been whether fast neu- L 4
trals produce the same or different kinetic electron emission . 1F 3
yields than the corresponding ionized projecti(@ns pro- L5 1F
duce moregpotentialelectron emission than ground-state neu- V.2 F fa iF
trals if they have sufficiently high potential energecause 1.0 Fas T T e EHAEPC?D. e® o0

o 1 [ ®a

(=R S =

the intensity of the incident neutral beam cannot be measured

05 F 3
directly in the Faraday cup, we measurgd= T2 ,f4l peam : 1E 3
andl e, for incident ions and determined the neutral beam Cod vt ol Bl 0 vl sl
intensity froml,; using the fact that the charge-state distri- 1 10 100 1 10 100

bution & 4f,) of the beam after traversing the foil is inde-
pendent of the incoming charge state. The results shown in
Fig. 9, indicate that the backward yields for neutral atoms are FIG. 8. Electron yields for incident molecules includingpp)
either larger or nearly equal to the yields for positive ions.electron yields for molecular ions arottom) additivity of mo-
To clarify the contribution of the kinetic electron emission, lecular yields.(® H,, ¢ OH, O H,0O, A CO, A N,, O O,).

Energy (keV/amu)



2534 S. M. RITZAU AND R. A. BARAGIOLA PRB 58

Velocity (10° cr/s) Velocity (10 ® cm/s)
06 08 1 2 4 06 08 1 2 4
10 ——— : : 08 ——— :
81 « 06F
*ﬁ- [
6 +2 o4
1
L) Q; a

$
(@]

(
4

s
L 4
>
.
Py
®
$
.

0.0 Feaeiiobo,

o T

Electron Yield (electrons/atom)

2F >|‘ 02} # + {{ + _
st I ]
01 toee J
| F's o
0.0 |-*—o2sa" =
1 s 1 el L, - + °
Ol b
! 10 100 : - L
Energy (keV/amu) Energy (keV/amu)

FIG. 9. Backward electron yields for incident neutral atoi@s lati h in the backward-di d el
H, 0 3He™, O 3He'™, A Li, + + O, ¢ F). FIG. 10. Relative enhancement in the backward-directed elec-

tron yields of incident neutrals with respect to incident singly

charged ions at the same velocitgp) and difference in the yields
cident charge state on kinetic electron emission e’ * (bottom) for (@ H, O 3He*, O 3He'*, A Li, + O, ¢ F. Also
compared to’He" in the energy range used here, where ki-shown are the proton data () Bethge and LexdRef. 69 for Li
netic yields are again obtained by subtracting potential emisincident on beryllium, of Stieet al. (Ref. 70 for H (b) and He(c)
sion yields in both casés. on a nickel foil and(d) Barnett and ReynoldéRef. 71 for a brass

target. The quantityyg— ve for (8)—(d) is out of range in the lower

figure. For positive values, the differencg—y; can be inter-

IV. DISCUSSION preted as the probability of electron loss from the projectile into

Yacuum. The contribution to the yields due to potential electron
emission has been subtracted using the expression of Baragiola
al. (Ref. 44.

To discuss the results we need to recall the main pictur
of electron emission from solids induced by heavy partitles,
which can be understood as follows: the projectile frees an§!
energizes secondary electrons in the solid in collisional ion-
ization events. These energetic electrons then undergo a cgw-ojectile or a target atom, indirectly through inner shell ex-
cade of collisions with other electrons in the solid, which cancitations followed by Auger decay, or by decay of plasmon
produce additional ionization, until their energy degradesexcitations in the carbon valence band. From measurements
into heat or is stored in long-lived excited states. Those exin gas-phase collisiorf€;*® the angular distribution of elec-
cited electrons that are directed towards the surface can crog®ns from direct ionizations is expected to be forward
the surface of the solid and escape, giving rise to electropeaked, especially for the more energetic excited electrons.
emission. We concentrate here on kinetic electron emissiofhe energy distributions of electrons in single gas-phase col-
where the electrons are excited by the time-dependent pelisions at the impact velocities considered here are of the
turbation set up by the projectile. This is the dominantform N(E)xexp(—E/b) for light ions*® and N(E)
mechanism in our experiments, since potential electron emis<E ~exp(— E/(bv)) for impact of multielectron ion3®
sion due to neutralization by the Auger effeor accompa- whereE is the electron energy artlis a constant. That is,
nied by plasmon excitatiéh are expected to be significant heavy projectiles produce an energy distribution which is
only at the entrance surface of the foil and for projectiles“softer” (with a lower mean energycompared to that pro-
having a high first ionization potential energy, like He", duced by light projectiles. Other inelastic processes that can
and N€. In these cases, potential electron yields can bdead to electron emission are inner-shell excitations, which
estimated to be 0.3, 0.11, and 0.22, respectively, and ar@e very unlikely in carbon at the energies used in this work
expected to be roughly independent of velocity belowbut may occur in thé shell of lighter projectiles. Plasmons
10° cm/s® Potential emission from the downstream surfacecan be excited kinetically in the foils by projectiles faster
of the foil should not be important since projectiles exitthan about 5 keV/am#i®! Excited electrons can produce ad-
mainly as ground-state neutral atoms. ditional ionizations in a cascade of ionizing collisions if their

An ionization event can free an electron directly from theenergy is sufficiently high. This cascade multiplication factor
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increases with projectile velocity and is expected to be about The variation ofB from carbon foils with the type and
two for 100 keV proton$.Excited electrons can also scatter velocity of the ion implies the need to refine the assumptions
elastically from target atoms with a mean free path betweethat led to Eq.(4). It means that, unlike the total number of
collisions that increases with increasing electron enétgy. excited electrons,, the number of those that can escape is
These elastic collisions can involve large deflection anglesiot proportional to the stopping power. We note that the
and thus tend to make the initially forward peaked distribu-interpenetration of the electron clouds in heavy ion collisions
tion of excited electrons isotropic. If excited electrons loseleads to shell effects in the stopping power, seen in strong
enough energy in an inelastic collision to drop below theoscillations ofS, vs Z.%%%2 TheseZ oscillations are mainly
vacuum level of the solid they cannot be ejected. This leadsaused by soft collisions which produce low-energy elec-
to an escape depth from which electrons can originate. It'ons which do not escape the solid, which explains the
magnitude decreases with electron energy up to about 10Qeaker structure seen in th€Z) dependence of Fig. 7, an
eV, which covers the vast majority of energies of ejectedeffect previously observed and discussed for thick
electrons'® The mean value of the escape depth of secondarpl targets® This in turn implies that the shape of the low-
electrons in carbon is about 30 A smaller than our foil energy part of the distribution of excited electrdtisat con-
thickness ¢ 75 A). tributing to most of the electron yields not constant, as
would be the case if it were dominated by the cascade of
electron collisions in the solitf:%3 Therefore, the variation
of B with the type and energy of the projectile implies that
the shape of the energy distribution of electrons depends on
The number of electrons excited inside the carbon #oil these variables. The decreaseBofith Z can be understood
cannot be measured with our experimental techniques. Byy noting that, as indicated above, the energy distribution of
analogy to ionization processes in dense gases and semicqfw-energy electrons in the primary ionization is softer for
ductor solids,v is expected to be proportional to the elec- sjow multielectron projectiles. This means that a larger pro-
tronic energy deposited in the foil and independent of theyortion of these electrons will not be able to escape the solid,
type of projectile to a first approximatidrt*’ Previous stud-  explaining the smaller electron yield per energy deposited
ies have implicitly assumed that the number of electrongor heavier projectiles seen in Fig. 5.
emitted from the solid is also proportional to the electronic  The larger proportion of excited electrons that cannot
energy deposited. This leads to a general relation$ff?®  |eave the solid in the case of heavy ion bombardment serves
also to explain a long-standing puzzle, that keV heavy pro-
y=BS./cog @) (4) Jectiles traversing thin carbon foils have an unusually large
probability of not emitting any electron on impact even when
which has been found to hold reasonably well for many tarthe meanelectron yields are high:®* This property, which
gets. Hereg is the incidence angle of the projectile relative limits the efficiency of particle detectors based on secondary
to the surface normal0 in our casg The factorB is rela- electron emission, explains the reduced usefulness of ultra-
tively independent of the target material and depends on théhin _carbon foils in low-velocity TOF spectrometers for
depth distribution, the energy distribution, and the escapéns™*3since ion detection requires that at least one electron
probability of the secondary electrons generated in the solid?e emitted from the foil.
The proportionality betweety andS; is best tested with the )
aid of Fig. 6 where we plot the ratig/S,, wherey are the Forward-backward ratios R
measured electron yields ar®} is the electronic stopping According to a high velocity model by Sterngldéshe
power obtained by interpolation from the values measuredatio of forward-to-backward electron emissiBnshould be
by Ormrod and DuckwortR® The values ofy/S, for back-  |arger than one, since the faster electrons produced in ioniza-
ward emission are 2—3 times larger than for clean métals. tion events are ejected predominantly forward, along the di-
Our results show thaB is not constant, but varies with rection of the projectile velocity. Such fast electrons will
the type of projectile, being larger for the lighter iofhé He,  then tend to deposit their energy downstream from their
Li). B decreases with increasing incident velocity, morepoint of creation thus exciting more electrons near the exit
strongly for the lighter projectiles, except for the forward surface than near the entrance surface. The magnitude of this
electron emission data for protons at velocities aboveenhancement in the electron emission in the forward direc-
1.5x 10° cm/s whereB increases with velocity. The decrease tion will decrease as a result of elastic collisions with target
of B with impact velocity, which has not been explained, hasatoms that tend to reduce the anisotropy in the excitation
been seen previously for C, N, and O projectiles by Kellersource. The increase in the mean electron energy with in-
et al>” in our energy range, who found values similar to ourscreasing particle velocif§*® and the dominance of elastic
but in thicker foils(nominal 2.0ug/cn?). The upward trend scattering at low electron energiéserves to explain differ-
of B at the highest velocities measured in this work for Hent observationdi) the low value ofR at low impact veloci-
and He is consistent with high& values around 0.31 eV/A ties due to a more isotropic distribution of electrons from the
that were found for the total yieldsy(+ y,) from carbon first ionization events and a lower mean energy of excited
foils bombarded by faster ions ranging from hydrogen toelectrons andii) at a given impact velocityR measured for
uranium®°®>°The near independence 9fS, on ion type in  specific energies of the emitted electrons increases with elec-
those studies contrasts with our finding of lower ratios fortron energy® due to an increase in the anisotropy of the
heavier ions, which is consistent with other low-energyionization event and a decrease in the mean free path for

results®®:6 elastic scattering.

Relation of the electron yields with the electronic
stopping power S,
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We note several additional factors afféet important ing atomic projectiles with similar stopping power but
only at low impact velocities, which have not been consid-widely different ionization potentials can test the second hy-
ered in earlier work concentrated on fast projectiles. Potenpothesis.
tial electron emission will producB<1 for slow projectile We find that an enhancement in the backward yield is
ions that carry high potential energy. This is because potersbserved for the projectiles with lower ionization potential,
tial emission due to Auger neutralization is more likely to suggesting the importance of electron loss from the projectile
occur at the entry surface than at the exit surface, where most these cases. The fact that we do not observe the increased
of the projectiles exit as neutrals in the ground state and argields for ®He* ™ compared to®He" that have been seen at
therefore incapable of ejecting electrons by the potentiahigher velocitie8”®8is attributed to a very fast charge equili-
mechanism. The fact th&®~1 at low velocities indicates bration of the incident projectile in the surface layers due to
that potential emission is relatively unimportant in carbonlarge electron capture and loss cross sectiBrius, even
even for projectiles of large potential energy, like'Hand  though one would expect a projectile charge dependence in
Ne®. the stopping powers, this fast charge equilibration by colli-

Multiple scattering of the projectiles will produce longer sions (which include electron transfer outside the surjace
trajectories over the escape depth from the exit surface andgts to suppress a dependence of the kinetic electron yield on
hence, more energy deposition there. For thicker foils, wheréne charge of the projectile. We notice in Fig. 10 that there
this effect is important, it will be counterbalanced by a de-appears to be a velocity threshold for electron loss from the
crease in the projectile energy, which is accompanied by @rojectile, at around 0.9—1:410° cm/s, which corresponds
smaller electronic stopping power. An enhanced forwardo the velocity of an incoming electron with a kinetic energy
electron emission yield will also result from the electronic of 2_5 eV/. We note that at high velocities the difference in
energy deposited by recoiling target atoms set in motioRhe yields can be larger than one if the electron detached

pr.eferentially in' the fprward.direction by close collisions fom the projectile is energetic enough to eject additional
with the projectile. This recoil effebtshould increase with electrons from the solid.

the cross section for scattering between the projectile and the
target atom and, hence, with the atomic number of the pro-
jectile. This effect may be important at low energies for the

heavier ions used in this work, based on estimates using the

TRIM Monte Carlo simulation COd%r’, but these simulations We have studied the emission of electrons from both the
have large uncertainties in the electronic stopping power ogntrance and exit surfaces of ultrathin carbon foils traversed
the slow recoil ions. by Z=1-10 ions in the energy range 10—100 keV. Devia-
tions from the proportionality of electron yields to the stop-
ping power of the projectile are explained as changes in the
fraction of excited electrons that can leave the foil, due to
The fact that projectile atoms eject less electrons wheghanges in the energy distribution of electrons in the primary
they are aggregated in molecules is most likely related to fnization event. This implies that the electron energy distri-
similar effect inS. of hydrogen molecules: molecular ions pytions are not dominated by the cascade of collisions that
lose less energy than protons at low velocities and more &jectrons undergo before escaping the solid. According to
high velocities. This has been explained as resulting from agyis picture, heavier ions produce a larger fraction of low-
interference in the scattering of the target electrons in thenergy electrons which cannot escape the solid, and therefore
molecu_lar _centergff At high velocities Where_ the+d_yna}m|c a lower electron yield per amount of energy deposited over
screening is weakened, the two protons act like &Henin 0 glectron escape depth, compared to light projectiles.
distant collisions and give a higher yield due to @ de- The ratio of forward-to-backward electron vyields is close
pendence of5,. Addltlonal emission may also result from 4 1 at Jow velocities and increases steeply above
loss of the electron carried by the, Hion. _ ~8x10" cm/s. This is explained by an increasing mean en-
The absence of a molecular effect in the forward yieldSyqy of the excited electrons and the accompanying decrease
for slow heavy ions can be explained from the effect ofj, jmnortance of elastic electron scattering which enables the

strong multiple scattering in addition to the screened CoUgycited electrons to retain part of the forward peaked distri-

lomb repulsion between fragments which take place after thg tion of the initial ionization event. The energy dependence

molecules dissociate in the first few layers of the foil. Theseys the forward-to-backward ratio is more pronounced for
effects separate t_he fragments SO they behave_ like '”depeﬁghter ions due to a larger mean electron energy in the pri-
dent particles during their transit through the foil. mary ionization collisions.

A molecular ion produces a smaller yield of electrons in
the backward direction than the sum of the yields produced
by its constituent atoms. This is related to observed nonlinear

Two arguments have been proposed to explain or prediaffects in the energy deposited by molecules. The molecular
differences in the electron yields for neutrals and singlyeffect disappears in the forward direction due to the disso-
charged ions. The electron yielgt for neutrals may be ciation of the molecule upon entry to the foil and the quick
smaller due to a presumably low&g for neutrals than for separation of the resulting fragments by mutual repulsion
ions or it may be larger due to the additional electron emisand multiple scattering, which cause them to act indepen-
sion resulting from electron loss by the projectile. Compar-dently.

V. CONCLUSIONS

Molecular effects

Electron emission by neutral projectiles
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Kinetic electron yields for neutral atoms are the same as
those for ions at low velocities but become larger at veloci-

ties above 0.9-1X410° cm/s for atoms of low ionization
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