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Role of projectile electrons in secondary electron emission from solid surfaces
under fast-ion bombardment
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We report on measurements of the number of electrons per incoming projectile emitted from the projectile
entrance and exit surfaces of thin carbon foils as function of the projectile atomic nuinfdexZ<32),
incident charge states, and velocities below, near, and above the stopping power maximum. The screening of
the projectile charge by the projectile electrons reduces the backward electron emission. The corresponding
reduction parameters have been determined as function of the number of projectile electrons. For all ions but
protons we note as a general trend that the forward to backward yieldRatiocreases with the projectile
velocity. In addition a pronounced increase of Rigwith increasingZ is also observed. It was found that the
increase of th&k, with Z in the medium velocity region< 1 MeV/u) is not a “nuclear charge” effect, but is
simply due to the difference in the incident number of projectile electrons. The experimental results are
compared to Monte Carlo simulations based on the work by Gervais and Bouffard. A reasonable agreement
(within 20%) between experimental and calculated results for heavy ions is observed. However, the difference
is larger for light ions. Finally, the results are discussed within the framework of previously published semi-
empirical models and the relation between electron yields and the electronic stopping power is elaborated.
[S0163-182607)00118-5

. INTRODUCTION slow (<25 keV/u) or medium velocity ions<(1 MeV/u).
Studies in the energy range=2—10 MeV/u are spars&; 13
The interaction of fast charged particles with a condensednd studies in the high-energy regidd0—100 MeV/y
medium leads to particle emission from the solid surface, iNRefs. 14—1Y and for relativistic projectiles (>100
particular to electron emission, the so-called “Kinetic elec-MeV/u),'® can still be considered as “pioneering work.”
tron emission,” which was described nearly 100 years‘ago. |t is particularly astonishing that no systematic data exist
The knowledge of the number of electrons emitted per inof the projectile atomic numbét dependence of ion-induced
coming projectile(the electron yieldy) as well as their an- electron emission from the entrance and exit surface of thin
gular and energy distribution is of fundamental interest. Im-oils even in the medium projectile energy region. There-
portant applications concern track formation in solids, heavyfore we measured the number of electrons per incoming pro-
particle detectors, tumor treatment by heavy ion beams, efectile, i.e., the electron yieldy, from the beam entrance
fects of cosmic rays on crew and electronic devices in spacd-yg) and exit surfaces ) of thin carbon foils ¢
craft, just to name a few. Recent extensive reviews on elec=1000 A) bombarded with 15 projectilésanging fromz
tron emission from solids can be found in Refs. 2—9. Most of=1 to Z=32) with different incident charge state and
these reviews refer to experimental and theoretical studiedifferent velocities,p below, near, and above the stopping
which have been performed on electron emission induced bgower maximum. In the following, after a short description
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of the experimental setup, we present the experimental re- Il. EXPERIMENT

sults. They are discussed within the framework of widely

used semiempirical models, and compared to Monte Carlo The experimental work was performed at the 5-MV Tan-

simulations. In particular the role of projectile electrons indem accelerator of the National Research Center of Physical
secondary electron emission by fast-ion bombardment iSciences “Demokritos” in Athens, Greece. Mass analyzed

elaborated. beams of

H* (1<E<7.5 MeV);

Li%" (q=2-3)(1<E<14 MeV); B&* (q=2-4)(8<E=<18 MeV);
B (q=2-4)(6<E=<18 MeV); C'" (q=3-4)(6<E<16 MeV);
09" (q=3-5)(6<E<20 MeV); Fi" (q=3-5)(8<E<24 MeV);
Al (q=4-6)(15<E=<27 MeV); Si"" (q=4-6)(9<E<27 MeV);
S (q=4-6)(10<sE<26 MeV); Cl%" (q=4-7)(10<E<30 MeV);
VI* (q=5-7)(16<E<30 MeV); Ni'" (q=5-8)(11<E=34 MeV);
CU" (q=6-8)(16<E<32 MeV); G&" (q=6-7)(18<E=<27 MeV);

were sent through thin 16g/cn? self-supporting carbon cup and biased- U ep= — 300 V with respect to the ground
foils. The thicknesses of the targets were large enough tin order to preventi) secondary electrons from the slits to
ensure thata) the charge equilibrium of the penetrating par- hit the firsty cup and(ii) secondary electrons of the target
ticles was reached before the ions reach the exit surface angbm escaping through the opening of the incoming ion beam
(b) full development of the secondary electron cascade inof the firsty cup.

duced by high-energy electrons is reached. This is true for ~ Backward ), forward (yg), and total ¢+) electron

all incident ions except for fast proton beam. yields can easily be deduced from measuring: the ion-

The experimental setup used for these measurements jisduced target currenty, the current of low-energy elec-
shown in Fig. 1. Two nearly closed metal cylindéssmilar tronslg andl g, and the ion-beam currehi:

to Faraday cages, except for openings for the incoming and

outgoing ion beammounted on each side of a target-foil

holder were used to collect the secondary electrons in for- Ig

ward and backward directions of the target foil simulta- YBIQf<|—), (1)

neously but separately. The cylinders were held at a positive FC

potential+Uy,= +40 V to assure that all the secondary elec-

trons were collected, and a negative potential-of)y= |

—20V was applied to the target, enough for the electron 7F=qf(—F), )

emissiony to reach a saturation vald&.The Faraday cup '

was comprised of two parts: a beam-collecting cup that was

grounded through the electrometer and a cylindrical elec-

trode upstream of this cufRepeller 1) which was biased B I+

—Ugp= —300 V with respect to the ground. This negatively Yr=0 E

biased electrode preventéd secondary electrons from es-

caping from the collecting cup an@) secondary electrons

of the target from escaping through the opening of the outwhereq; is the mean final charge state of the projectiles after

going ion beam of the second cylindéy cup. A similar  leaving the foil exit surface, angj is the projectile incident

repeller (Repeller ) was positioned upstream of the firgt charge before the foil entrance. The mean chaygef the
projectiles emerging from the carbon foils was obtained from

+0¢—q;, 3

youps Shimaet al®
REPELLER |  tapger | REPELLER I The secondary-electron coefficientg, yg, andy; have
suts 1 |/ FARADAY CUP been measured as a function of the projectile atomic number
(ON p Z, initial charge stateq;, and velocityv under standard
S R N I FE A N S vacuum conditions P~10"%-10"° Pa). The error is esti-

mated to bet 10% (based on reproducibility measurements
for all the secondary electron yields. The thin self-supporting
{ L Vrer Jiuo 'UOJ:'UO LUnep target foils have been produced by standard evaporation

. D D e techniques at the Institut de Physique Nadle in Lyon,
- = - = = = = France. We assume a density of our carbon foils topbe
=1.65 gcm 3. This value has been obtained by an inter-
FIG. 1. Schematic experimental setup. ferometric method and Rutherford-scattering anal§/sis.
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TABLE I. Backward (yg), forward (yg), total (y1) electron yields for different incident ions with different incident charge states
(q;) and energiesH).

E Y8 YF YT E 7B YF YT
lon a; (MeV) e~ /ion e~ /ion e /ion lon a; (MeV) e /ion e~ /ion e~ /ion
H 1+ 1 1.07 1.48 2.55 C 4 14 11.2 24.5 36
H 1+ 15 0.86 1.19 2.05 C 16 11 24 35
H 1+ 2 0.69 0.97 1.68
H 1+ 2.5 0.64 0.83 1.48 0] 3 6 21.4 51.5 73.7
H 1+ 3 0.54 0.72 1.27 @) 3 8 19.4 47.3 67.1
H 1+ 35 0.48 0.63 1.13 O 3 10 18.9 46.1 65.9
H 1+ 4 0.43 0.55 0.98 O 3 12 16.4 42.8 59.2
H 1+ 4.5 0.4 0.52 0.93 @) 3 14 16 42.4 58
H 1+ 5 0.39 0.5 0.9 e} 4 8 20 46.9 67.4
H 1+ 55 0.36 0.45 0.81 O # 10 19.5 45.9 65.5
H 1+ 6 0.33 0.42 0.75 O 4 12 17.6 42.6 60.2
H 1+ 6.5 0.32 0.39 0.72 0] 4 14 16.5 39.7 56.3
H 1+ 7 0.3 0.37 0.67 (¢} 4 16 15.3 38.06 53.84
H 1+ 7.5 0.29 0.35 0.64 @) 5 10 22.7 49.9 73.4

O 5+ 12 20.9 46.6 67.8
Li 2+ 4 7.23 12.50 19.10 (0] 5 14 18.6 42.55 62.15
Li 2+ 6 6.53 11.09 16.60 ] 5 16 18 41.6 60.2
Li 2+ 8 5.60 9.95 15.01 @) 5 18 16.4 384 54.3
Li 2+ 10 5.00 9.02 13.70 @) k) 20 15.8 38.7 54.6
Li 3+ 8 6.70 9.91 16.00
Li 3+ 10 5.98 9.09 14.90 F 3 8 24.4 56.8 81.6
Li 3+ 12 5.37 8.00 13.26 F 3 10 22.4 50.3 815
Li 3+ 14 5.00 7.48 12.60 F 3 12 19.6 53 73

F 3+ 14 19.3 52.9 72.3
Be 2+ 8 6.92 17.71 255 F % 10 21.1 53.2 74.9
Be 2+ 10 6.25 16.43 22.65 F 4 12 20 51 69.3
Be 3+ 10 6.97 16.28 23.21 F 4 14 19 49 67
Be 3+ 12 6.47 15.25 21.65 F 4 16 18 48.5 66
Be 3+ 14 6.11 13.97 20.11 F 4 18 17.8 47.55 65.1
Be 4+ 16 6.9 12.78 20.7 F 4 20 17.4 47 64.5
Be 4+ 18 6.49 12.04 19.05 F b 10 24.4 56.8 81.6

F 5+ 12 23 545 77.8
B 2+ 6 11.8 25.44 37.92 F 5 14 21.2 51.7 71.5
B 2+ 8 10.6 25.44 37.92 F k) 16 20.3 50.6 69.4
B 3+ 8 11.3 24.22 35.8 F 5 18 194 48.6 66.9
B 3+ 10 10.3 23.2 34.2 F 5 20 18.7 47.5 65
B 3+ 12 9.66 22.03 32.5 F 5 22 18.5 46.93 63.39
B 3+ 14 9.09 21.13 30.6 F 5 24 17.5 45.2 63.67
B 4+ 12 114 21.96 34.68
B 4+ 14 11 21.43 31.38 Al 4 15 29 93.7 124
B 4+ 16 10 19.85 30.43 Al 4 17 27.2 87.5 116.5
B 4+ 18 9.77 19.34 28.82 Al 4 19 26.4 86.75 1154

Al 5+ 15 31 90 121
C 3+ 6 14.8 32.2 46.8 Al 5 17 30 95 125
C 3+ 8 13 28 41.6 Al 5+ 19 29.5 94.68 121.8
C 3+ 10 12 27 39 Al 5t 21 29.3 94.7 122.6
C 3+ 12 11 24 35 Al 5+ 23 28.4 92.3 121.9
C 3+ 14 11 26 36 Al 6+ 21 29.1 87.3 115.9
C 4+ 8 14.4 29.2 44.2 Al 6 23 28.2 86.4 112.5
C 4+ 10 135 28 42 Al 6+ 25 29.7 90.7 117.9
C 4+ 12 125 27 39.6 Al 6 27 29.8 91.7 119.8
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TABLE II. Backward (yg), forward (yg), total (y) electron yields for different incident ions with different incident charge states
(g;) and energiesH).

E VB YE YT E VB YE YT
lon o} (MeV) e /ion e /ion e /ion lon i (MeV) e /ion e /ion e /ion
Si 4+ 9 30.5 87.4 119.5 Cl ) 20 31.7 120.8 155.7
Si 4+ 12 29 89.7 120 Cl & 22 32 123.5 153
Si 4+ 15 28.4 93.8 124.8 Cl 6 24 31.9 123.8 159
Si 4+ 18 28.3 94.6 1255 Cl 6 26 31.3 124.3 156.7
Si 5+ 12 321 93.6 127 Cl ¥ 18 33.2 118.6 152
Si 5+ 15 29.7 91.5 122.8 Cl ¥ 20 33.2 120.9 156
Si 5+ 18 28.6 89.8 121 Cl ¥ 22 33.3 122.2 159
Si 5+ 21 27.9 89.5 119.7 Cl ¥ 24 333 124.4 160.6
Si 5+ 24 27.2 89.7 118.2 Cl ¥ 26 33.9 124.6 161.4
Si 6+ 12 34 95.5 129.8 Cl ¥ 28 33.3 124.5 159.5
Si 6+ 15 35.7 98.2 135.7 Cl ¥ 30 32.7 125.3 158
Si 6+ 18 33 95.6 126
Si 6+ 21 31 89.8 1175 \% 5 16 35.4 122.4 160.8
Si 6+ 24 29.1 87.7 118.4 \% ) 18 36.2 132 171.3
Si 6+ 27 28.7 88.1 117 \% 5 20 37.3 140.5 180.4

\% 5+ 22 36.8 147 187.6
S 4+ 10 28.4 98.6 128.7 \% ) 14 35.2 110.8 147.2
S 4+ 12 28.1 106.4 136.6 \% 6 16 37 120.9 159.4
S 4+ 14 28.3 111 142.7 \% 6 18 39.6 126.2 167.7
S 4+ 16 28 113.6 143.8 \% ] 20 40 134 177
S 4+ 18 28 1145 145 \% & 22 40.6 142.1 184.4
S 5+ 12 29.7 106.4 137.9 \% 6 24 41 148.3 1915
S 5+ 14 29.7 110.6 142.2 \% 6 26 41.1 154 197.6
S 5+ 16 29.3 111.8 141.7 \% ¥ 22 40.3 149.8 187.6
S 5+ 18 29.7 116.6 145.9 \% ¥ 24 39.9 152.5 185.3
S 5+ 20 28.8 114.6 145.4 \% ¥ 26 40.6 157.6 199.9
S 5+ 22 28.6 115.8 1455 \% ¥ 28 41 161 205.3
S 6+ 14 30.8 111.4 1455 \Y ¥ 30 41.3 164.3 199.2
S 6+ 16 30.2 113.7 148
S 6+ 18 30.5 115.4 149.5 Ni b 11 36.4 95.7 132.6
S 6+ 20 29.8 115 148.4 Ni 5 15 41 119 165.2
S 6+ 22 29.8 114 145.4 Ni 6 15 42.7 122.4 166
S 6+ 24 30.1 115.7 146.8 Ni 6 20 49 152 204
S 6+ 26 29.6 115.6 146.4 Ni ¥ 30 52.3 186.8 242.2

Ni 8+ 30 53 182 238
Cl 4+ 10 28.7 95.94 125.3 Ni 8 34 55 193.1 249.8
Cl 4+ 12 29.3 103.7 133.6
Cl 4+ 14 29.7 112.6 143 Cu b 16 42.3 120.7 163.8
Cl 4+ 16 30.5 119 149.5 Cu 6 22 50 159 208
Cl 4+ 18 30.3 121.3 149.7 Cu 6 26 54.4 177 231
Cl 5+ 12 30.9 108.7 139.2 Cu + 22 52.5 159.5 209
Cl 5+ 14 30.9 114 147.1 Cu 7 28 54 183 245
Cl 5+ 16 30.7 117.4 148.1 Cu 8 32 58 194 256
Cl 5+ 18 30.4 119.3 146.6
Cl 5+ 20 30.6 122.7 152.3 Ge 16 18 37 131 172
Cl 5+ 22 30.5 123.5 154.5 Ge 16 21 40 150 191
Cl 6+ 14 31.9 113 147.4 Ge RS) 24 42.5 166 211
Cl 6+ 16 32 116.7 146.6 Ge 7 24 445 165 212
Cl 6+ 18 32 119 149.7 Ge -I? 27 46.2 179 226

Ill. RESULTS AND DISCUSSION laboratory. Within 10% we find the same values wf as

previously measured. As an example for incident protons,

shown in Fig. 2triangles are they; values measured in the
The yg, yg, yr Yields for 15 projectiles with different same laboratory in 1988Ref. 23.

incident energies (£E<32 MeV) and different incident For all ions we observe that within 2%

charge states (£q;=<8) are shown in Tables | and II. The

error for all coefficients is estimated to bel0%. The total

electron yieldyt has been measured previously in the same Y=Yt Vg, (4)

A. Presentation of the results



12 090 A. CLOUVAS et al. 55

ceeding 300 eV, which are emitted in extreme forward or

backward direction, can escape from the c(ag., see Refs.

\ 14, 17, and Fig. 1 Thus the quantityy;— (vg+ vg) gives

\ qualitative information about high-energy electrons. For

the projectile energies used in this work thelectrons rep-

resent less than 2% of the total electron yield in quite good

YEtYB O agreement with the 2—5 % observed with ions of similar

SRag, velocities'??? From 9.6 MeV/u up to 13.6 MeV/if they
20 represent about 15-22 %. At 74 MeV/u, up to 35% of all

o electrons are “fast."?’
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In the measured projectile velocity range, the energy de-
o pendence of theyg, ye, vy values for the different ions
can be divided into three groups. For ions heavier than
°006 0 60000 Cl (Z>17) yg, v, vt increase with the projectile energy
(e.g., Fig. 3. For ions withZ between 13 and 1%g, ¥,
0 1 2 3 4 5 6 7 8 v reach a maximum valuée.g., Fig. 4 and for ions Z
ION ENERGY (MeV) <13 theyg, ¥, y7 Yyields decrease with the projectile en-
ergy(e.g., Fig. 9. For a fixed projectile velocity the yields
always increase with the projectile atomic numBdiFig. 6).

FIG. 2. Energy dependence of the backward, forward, and tota-lrhese facts can be un.de.rstoold from the proporthnallty be-
secondary-electron yields for protons impinging on a thin carborfVE€€N the electron emission yields and the stopping power
foil. Dashed line is the sumys+ v and triangles are previous dE/dX. In the energy regime studied the stopping power
results obtained in the same laboratéRef. 23. increases with the projectile energy fdr>17 ions, goes
through its maximum for 18 Z<17 ions, and decreases
with the projectile energy foZ <13 ions. In addition, for a

(e.g., see Fig. 2 dashed Iind his observation does not only . S . ; . ]
“test” the accuracy of the experimental setup but it meansd'ven projectile velocity the stopping power indeed increases
with the projectile atomic numbet.

also that in the energy regime studied, the emission of high-
energy § electrons is negligible in comparison to the low-
energy electron emission. Indeed, electrons with energies ex-
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FIG. 3. Energy dependence of the backward, forward, and total FIG. 4. Energy dependence of the backward, forward, and total
secondary-electron yields for G& € 32) ions impinging on a thin  secondary-electron yields for CLE 17) ions impinging on a thin
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FIG. 5. Energy dependence of the backward, forward, and tot
secondary-electron yields for LZE 3) ions impinging on a thin

carbon foil.

A dependence of the backward yiej¢; on the incident
charge statey; is observed for all projectiles. For a fixed
projectile atomic number and velocity thg increase with
increasingq; (e.g., Fig. 4. On the contrary, for almost all
projectiles an independence of the forward yigldfrom the
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The above experimental observations can be understood
within the framework of a semiempirical theory of electron
emission introduced by Sterngld$and extended to thin foil
targets including forward electron emission by Koschar
et al'? and very recently by Rothard and co-work&hs!

One of the final results of this semiempirical theory are
simple equations fotyr and yg electron yields:

Ye=AcBs(dE/dX)y—0, 5

Ye=Ac(dE/dX)y-gq, (6)

where dE/dX),—, and dE/dx),_4 denotes the projectile
energy loss in the entrance and exit surface of the foil, re-
spectively, A is a constant which mainly depends on the
target material, and find is the fraction of the projectile
energy lost in soft collisions with large impact parameters,
leading to direct production of low-energy electrofas to
plasmon excitation with subsequent electron production by
plasmon decay Following Egs.(5) and(6) for a given pro-
jectile atomic number and velocity the backward yield
must depend on the incident charge state According to
Koscharet al? and Rothard, Schou, and Groenevélthe
Jfbove dependence could be due to variations in stopping
power near the entrance surface of the foil, which result from
pre-equilibrium variations of the effective ion charge as a
function of the penetration depth, since most of the emitted
electrons originate from within a depth much smaller than
the depth needed to reach charge equilibrium. For forward
yields where thedE/dx)-4 at the exit surface of the foils is
proportional to the effective charge of the ion near the exit
surface, we must expect an independence of the forward
yield yg from the incident charge state.

In order to quantify the charge-state dependence in the
backward emission on incideni we define the ratio

%

V_ 1
%

Y

which compares the electron yielygi of a projectile with

(Z—q;) electrons to the electron yielyé of a projectile with
zero electrongbare projectile The ratioV can give infor-
mation about the role of the projectile electrons in the back-
ward electron emission. Backward emission is due to the
action of (a) the (partly screened, e.g., bg¢-shell electrons
positively charged nucleuand (b) the more loosely bound
outer projectile electrons. As actiga) varies with the square
of the (partly screenednuclear charge, for heavy ions the
contribution of projectile electrons in the backward emission
is small compared to the contribution due to the nuclear
charge. In this cas€<1 and the ratio describes the screen-
ing effect of the nuclear charge by the projectile electrons
concerning the production of secondary electrons.

In Fig. 7 is shown the rati&/ for different hydrogenlike
projectiles £—q;=1) in the MeV/u energy range. The val-
ues forZ=3 andZ=4 are from the present work and the
values forZz=1, Z=2, andZ=6 have been measured by
some of us in Frankfu®=%In the same figure we present
also the ratiOy,'Zi/yé. Indeed, the forward emission is inde-
pendent of the incident charge state, thus the ratio of
yﬂ‘/y,% may be used as a test of the precision of the measure-
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| 1oNS — CARBON | 1MeV/u IONS — C
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LA PROJECTILE ELECTRONS
1_
i % %" FIG. 8. RatioV=yg /'yB as function of the number of projectile
- electrons of 1 MeV/u incident ions.
0.5 { | | | 1 | | 1 —324 -5
1 2 8 4 5 6 7 8 trons. Then, from the experimental ratig§ ~—~7yg > the
PROJECTILE ATOMIC NUMBER Z V ratio for oxygen ions withg;=3 andqg;=4 has been ob-

tained. In a similar way th&/ ratio for fluorine ions with
FIG. 7. RatIO'y /'yB, and y¢ /7,: for different hydrogenlike ;=3 andg;=4 has been deduced.
projectiles £—q;= 1) in the MeV/u energy range. The values for  The independence of thé ratio of Z, for a fixed number
Z=1,Z=2, andZ=6 are from Refs. 28-30. In triangles are the of projectile electrons, and the reduction\éfas function of
/'yB values after substraction of the projectile electron contribu-the number of projectile electrons clearly indicate that the
“0“ to the yp yields. critical parameter of the screening effect of the nuclear
charge by the projectile electrons is the number of projectile
ments. For all projectiles we observe, as we should, a ratio aflectrons and not the nuclear charge.
y2/v¢ equal to 1. For the backward emission Meatio is
about the same for projectiles with=2, 3, 4, and 6. How- D. Forward to backward yield ratio
ever, for hydrogen projectiles, the rafi6 is larger than 1. Only with thin foils is it possible to study the forward to

Iir&I:r:fH%aE)J:Sri tt)g ttr? € cor';trr!)tr)TL:t;g‘r:]e(:; mgzaeslﬁférrﬁgﬁif g;e N backward yield ratioR,= yg/yg introduced by Meckbach,
s P Braunstein, and Arlsta in 1975.This ratio contains infor-

formed in Caen of electron-induced electron emission from
thin carbon foils, the contribution of the electron of |nC|dentrnatlon about the fraction of slow electrons produced by

) o g : high-energyé electrons. Slow electrons are emitted isotopi-
hydrogenlike projectiles tgg can be estimated to be equal 51y \whereas fast electrons are peaked into the forward di-

to 0.75 and can be substracted from the measuﬁéyields. rection. R, increases with the proton enerdpelow 150
Here, we must assume that the projectile electrons contributeeV) and reaches a maximum value of about 1.5. When the
to the electron yield as a free electron of equal velocity. Thigroton energy is further enhanced up to 1 MeV, the ratio
should be a good approximation if the electrons are notlecreases slightf}?**In Fig. 9 the ratioR, is presented for
strongly bound, i.e., for light iongand in particular, fast incident protons with energies 20 keV up to 7.5 MeV. The
HO projectiles, electrons in excited projectile states, or even
outer shell electrons of heavy ions. In Fig. 7 is presented ,q .
(triangles the V ratio after substraction of the electron con-
tribution to theygi yields. Again, an independence ¥fon
Z, is observed within the experimental error.

The dependence of thé ratio on the number of the pro- B.a” oo a ot
jectile electrons Z—q;) for a number of 1 MeV/u incident 120 | o o
projectiles is shown in Fig. 8. The value qﬁ for (Z=6)
was obtained from Ref. 30. For incident oxygen and fluorine
ions we did not have any available bare ions sotheatio
could not be directly deduced. To overcome the lack of data
we assume that for ions with a small differenceZrthe V 040 |
ratio depends only on the number of projectile electrons and
not onZ. This assumption is verified in Fig. 8 for hydrogenic |
and heliumlike projectiles. Based on this assumption\the o o . ©
ratio for oxygen and fluorine ions could be indirectly de- ' PROTON ENERGY [MeV]
duced. For oxygen ions witly;=5 (three projectile elec-
trong we assumed that thé ratio is equal to 0.63, obtained FIG. 9. RatioR,= y¢/yg as function of the proton energy. The
with C ions (g; = 3) with the same number of projectile elec- values ofR,, for 20-keV protons up to 600 keV are from Ref. 33.
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0 5 10 15 ward electron yields and Monte Carlo simulations for different pro-
PROJECTILE ATOMIC NUMBER Z jectile atomic number and velocities.

FIG. 10. (8) R, dependence as function of the projectile atomic Charge™ effect but is simply due to the difference in the
numberZ for 1 MeV/u projectiles with different incident charge incident number of projectile electrons.
states. The number inside the boxes indicate the number of projec-
tile electrons(b) TheR, values of(a) are extrapolated to the values E. Comparison between the experimental results
\(/g)e woduld kllave obtained with fully stripped incident iosee Eg. and Monte Carlo simulations
and text.
It is useful to use experimental results of electron emis-

values ofR,, for 20 keV up to 600 keV were obtained from sion as benchmark for the Improvement (.)f nume_rlcal Simu-
Y Jation of the primary stage of ion-matter interaction. A so-

Ref. 33. The experimenta| error of each measurement If)histicated numerical simulation of energy deposition by
— 0

about 10-20 /° In general, a weak dependend®,abn the dheavy ions in solids was developed at CIRIL by Gervais and

proton energy is observed. The values are clustered aroun

. Houffard® It can also be used to calculate forward and
mean value of about 1.3, which ’T‘ea[ﬁﬁls-(f’) and(_6)_] that .. backward electron yield¢. The projectiles are treated as
about 77% of the proton energy is lost in soft collisions with

large impact parameters leading to direct production of Iow—pOInt charges of constant kinetic energy with an effective

o ; chargeq* (z,v). The target material carbon is characterized
energy electrongor to plasmon excitation with subsequent by its atomic number and masZ€6, A=12), density p
electron producthn by plasma degay . I =1.65 g cm %), Fermi energyEr=17 eV, and correspond-
A pronounced increase &, as function of the projectile . o _
! o s . ing plasmon excitation frequencyhe=2.12 eV), and the
atomic numbeiZ for 1 MeV/u projectiles with different in- 1, ionization energyU =284 eV. For the caiculation of
cident charge states is shown in Fig.(d0 The number in- 73 1s '

side the boxes indicate the number of projectile electronselectron yields, all electrons liberated by a primary ionization

A H ’$
The error of each measurement is about 20%. Despite t @rOJectlle event at a poink inside the target, &x’<d, or
: P - y secondary ionizatioriprimary electroh events are fol-
fact thatR,, increases wittZ it can be seen in Fig. 18) that ) . . . . )
4 lowed from their point of liberation until they reach either

for a given number of projectile electrof, seems indepen- the backward surface or the forward surface. If their kinetic

;jheen; Ot/iiu-cla-gl:r:as“Igﬁ)rraess;;teé}é”s?oomg :/nali% 1\/2 Vv\\llgilrs energy(with respect to the Fermi energis higher than the
Yoo i . o : workfunction of ®=5eV, they are considered as being
have OEta'”ed with fully st.rlpped incident lons. The extrfapo'ejected into the vacuum and counted for the calculation of
latedR;, values were obtained from the following equation: yhe forward and backward electron yields. The model is de-
scribed in detail in Refs. 14, 17, and 35. At this stage, the

v v YO\ [y simulation cannot give realistic calculations of backward
Ri:_; = ( _(';) _('; _'; , (8)  Yields as the evolution of the incident projectile charge state
Ys \ve/\vg/\ 7B with penetration depth is not considered. In the velocity re-

gion investigated here, the ionic charge state evolves even in
with 0<q;<Z. the first layers of the solid and thus already over a penetra-

The term,yél,ygi is equal to 1(see Fig. 7. Indeed, for a tion depth comparable to t_he slow electron escape depth. In
contrast, the targets are thick enough to assure charge equili-

given projectile the forward yield is independent of the inci- . . A

: iy G : bration at the exit surface, so that here a constant projectile
dent charge statee.g., Fig. 7. The termyg/yg is the mea- charge(approximated by the effective chargé) is a good
suredR,, value and the termyg/y§ corresponds to the ratio approximation. For this reason in Fig. 11 only the forward
V for (Z—q;) electrons which is given in Fig. 8. From Fig. electron yields are compared with the calculated ones. A
10 it is therefore clear that the increaseRof with Z in the  rather good agreement between experimental results and cal-
medium velocity region {1 MeV/u) is not a “nuclear culated values is observédifference within 20%
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9 .
FIG. 12. Forward and backward electron yieldgi¢n) from from the TRiM codé give

thin carbon foils as function of the proton energy. The values of
ve and yg for 20-keV protons up to 0.6 MeV are from Ref. 33.
Equations(11) and(12) are represented by a solid line.

ve=(0.40+0.006S, (12

vg=(0.31-0.008 S (13
F. Proportionality between electron emission

; with r squared(validity of the correlation equal to 98.3%
and stopping power

for the backward emission and 99.4% for the forward emis-
The proportionality between electron emission and stopsion. In Fig. 12, Eqs(12) and(13) are represented by a solid

ping power predicted by the most important theoreticalline.

model$12:26:27:36=3% 55 peen studied extensively during the The Ar and Ag parameters as a function of the incident

last decadée.g., Refs. 3, P In all studies it became common ion energy within an uncertainty of 10% are independent

practice to define parametersg ¢ 1 as ratios between the of the projectile velocity, a result which has been reported

measured electron yieldsand the stopping powes values  previously*?® for the A; parameter. However for ions

to study the validity of the proportionality as a function of heavier than vanadium a slight increase of the with the

the projectile velocity and atomic number and the targefon velocity is observed. In addition for incident protons is

atomic number. We thus introduce the parameters: observed a small increase of thg parameter with the pro-
ton velocity. Recently Benka, Steinbauer, and B&lerea-
Ar=v1lS, 9) suredyg andS simultaneously for H and He' " impact(in

the MeV energy rangeon thick Ag, Al, and Cu targets. Due
to the simultaneous measurementy@afandS they obtained
A= ve /S (11) very precise values of g (with an accuracy better than 2%

F= VRIS For proton impact on Ag and Cu targets, th&ig values are
For proton-induced electron emission from thin carbon foilsalmost independent of Henergy. For Al targets an increase
the proportionality has been confirmed experimentally in aof Ag with H* energy was observed as in this work.
wide energy range, i.e., 20 keME<10 MeV for y; (Refs. TheAg, Ar, At parameters are presented in Fig. 13 as
34, 23, 33 and 20 ke\kE<1 MeV for y¢, yg, v (Refs. 33,  function of the projectile atomic number. The values of
34). In the present study, the measurement of fheand  Ap g 1 presented are the mean values of each projectile ob-
vg Yields was extended up to proton energy 7.5 MeV. In Fig.tained with various incident projectile energies and initial
12 the forward and backward electron yields from thin car-charge states. The error bars include statistical fluctuations as
bon foils are presented as a function of the proton energywell as the incident charge state and energy dependence of
The values ofyr and yg for 20-keV protons up to 0.6 MeV the electron yieldsA g and A g parameters first decrease with

Ag=17s/S, (10
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[ 1MeV/u IONS —» CARBON | _ Ae(@) 19
s o A F Ap(Z=1)"
° F
o -
o oo s he The reduction ofA (Z) values with increasing seems to be
S o4re o . the same for backward and forward emission. The decrease
< R U . X of Ag and Ag with Z can be qualitatively understood from
03, o o6 ° B F q y
® A N Ad 4. the preequilibrium stopping power concept introduced by
3 %r aas 8 Koscharet al}? The stopping powers used for calculation of
§ 01 the Ag v parameters in expressiof®—(11) are the com-
O I puted bulk energy-loss valud$lt is now well established
L e Cr [see Egs.(5) and (6)] that “nonequilibrium near-surface
R . A Cy stopping powers” both at the upstream and downstream sur-
° el ° faces of the foils are responsible for the production of the
© L e o secondary electrons in the entrance and exit surface of the
o 2T R A0 % foil. The decrease of tha g with Z for ions of about 0.1-1
e o7t A0 2 ¢ as MeV/u could be due to a reduced stopping power near the
® A
E surface, which results from pre-equilibrium variation of the
T o6 . . . .
8 effective ion charge as a function of the penetration depth. In

05 ———— é ! 1’0 — 1'5 S a similar way a reduction of th& parameter for the heavy
ions can be expected due to variation of the effective ion
charge upon exit from the downstream surface of the foil.
The dependence of the effective ion chaggg) inside a thin
solid foil of thicknesdd as a function of the penetration depth
was experimentally deduced for nitrogen and oxygen projec-
tiles by Zaikovet al*! They found a smaller effective charge
tq*(x=d) near the exit surface compared to the “bulk” ef-
fective charge. The data of Zaikat al. do indeed suggest
that charge exchange processes upon exit of the ions from
the foils cannot be neglected. Also, the dynamic screening of
the projectile charge and the population of excited states

PROJECTILE ATOMIC NUMBER Z

FIG. 14. Indirectly deduced dependence ohg and A for 1
MeV/u bare ions(see text In the lower part is presented the
dependence of the rati@®; andCr defined by Eqs(15) and(16).

Z and reach a saturation value for the forward yield a
Z>6 and for the backward yield &> 14.

The reduction ofA (Z) values with increasing is stron-
ger for the backward emissiai0—70 % than for forward

L PN X )
emission(30—35 %. This could be partly due to the depen change upon exit. This could lead feowever, smajimodi-

dence ofyg on the incident number of projectile electrons | . . . . .
L : . ; fications of the effective charge which could still be felt in
(incident charge state—screeningor light ionsZ<5 we the last layers of the solid, since the ions begins to “see” the

had used even bare ions, on the contrary, for the heavy Ionsooundary” surface before leaving the solid. For fast inci-

.Z>13 . ““'.“ber of.prOjectlle electrons was more than 7. Itdent protons E£>100 keV) there is indeed no difference be-
is therefore interesting to compare tize dependence of

Ag(Z) andAg(Z) for incident isotachic bare ions. In Fig. 14 ]Ewegn thﬁ near—su(;face effectlvel cr;)arge and hthe bulk ?f'
is presented the indirectly deduced dependencd pfand ective charge and consequently between the near-surface
Af as function of the projectile atomic number for different stopping power and the tabulated bulk energy loss. Another
F Proj 7 ) possible mechanism to understand the reduction ofAthe
incident 1 MeV/u bare ions. Theg values corresponding to

. and A parameters for the heavy ions is the energy deposi-
bare ions and consequently tiig; values[Eq. (10)] were 5 by nonjonizing excitation of target atoms. According to
deduced from the equation

Rothard, Schou, and Groenev€lthe dissipation of projec-
gi tile energy in nonionizing events such as target or projectile
yzzy_B (14) excitation with subsequent photon emission is projectile de-
B v’ pendent. The fraction of the ion energy loss that does not
7. g contribute to the production of secondary electrons may be
whereyg is the deduced backward yielgl;' is the measured higher for heavy than for light ions.
backward yield, and/ is the ratio obtained from Fig. 8 for  |n the above discussion we considered only mechanisms
(Z—q;) projectile electrons. For the forward yield the:  which are related to the production of secondary electrons.
values and consequently thg values are indepenent of the However, electron emission is not exclusively related to the
incident charge state and therefore the measured values pfoduction of secondary electrons. The kinetic emission of
A obtained with different incident charge states can be usedlectrons is generally considered as a three-step pro-
also for the bare ions. We observe in Fig. 14 thaf and  cess: (1) production of the secondary electrorig) trans-
Ar have almost the same dependence as a function of thsort of secondary electrons towards the entrance and exit
projectile atomic number. This can be clearly seen in thesurface of the foil(3) escape of the secondary electrons from
lower part of Fig. 14 where the rati@Sg andCg defined in  the target surfaces.
Egs.(15) and(16) are presented as functions of the projectile  Mechanisms related to stef® and(3) may become im-
atomic numbetZ: portant in particular for fast heavy ions due to the strong
charge and induced ionization density. In Fig. 15 is presented
~ Ag(2) 15 the ratio y-/Z% and yg/Z? as function of the projectile
B Ag(Z=1)" atomic number for 2 MeV/u H, Li®", and Bé" ions. For
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atomic number for 2 MeV/u H, Li®", and B&" ions. In close 0
symbols are presented the calculated values for He', Li%*, 0 200 400 600 800
Be**, and B ions, by Monte Carlo simulations. STOPPING POWER [eV/A]
such fast bare ions the near surface stopping power is the
same as the tabulated bulk stopping poBerhich is given _
by s
2@
_ 72 g
SZ_Z SH N (17) -

The Z dependence of the ratiog-/Z? and yg/Z? have, in
this case, the same meaning as thdependence of thA ¢
and Az parameters, respectively. We observe a decrease of STOPPING POWER  [eV/A]

vs!Z? and yg/Z? with Z in contradiction with the Monte

Carlo simulations based on the work of Gervais and FiG, 16. Backward, forward, and total electron yields from car-
Bouffard® where an independence @f is calculated. The bon foils as a function of the stopping powsrfor 15 different
decrease of thd g parameter as a function @ffor fast bare  projectiles with different projectile velocities and initial charge
ions impinging on thick metal targets has been reported bytates. The straight lines represent H48)—(20).

Borovsky and Suszcynsky.Similar results have been re-

ported by Benkat al*2 In order to interpret the decrease of ward a reduced mobility of electrons for highly charged
the Ag parameter as a function d@ for fast bare ions projectiles!* Thus, the proposed deceleration of electrons,
Borovsky and Suszcynsky proposed a model taking into due to a positively charge tratkis inconsistent with the
account the electron trapping in the wake of the ion due to afree-electron-gas theory of metals.

attractive track potential. Consider a completely stripped ion Despite the different mechanisnggre-equilibrium near-

of high enough velocity to ensure charge-state conservatiosurface stopping power, projectile or target excitation, and
over a penetration distance much larger than the electroalectric field in the ion waKementioned above to describe
escape depth. Such an ion produces, due to the high densitye Z dependence on theéz and A parameters, the impor-
of ionization, a positively charged track in its wake. As atant assumption of an overall proportionality between the
result, the attractive track potential causes an attractive forcleackward, forward, and total secondary-electron yields and
which retains a certain number of the electrons liberated anthe electronic losgper unit path lengthof the projectiles is
moving away from the ion track. Consequently, electrondemonstrated impressively in Fig. 16. The figure shows the
yields will be reduced, with a yield reduction increasing with backward, forward, and total secondary-electron yields from
increasingZ. However, the model proposed by Borovsky carbon foils as a function of the stopping pow&ifor 15
and SuszcynsKy should not be invoiced uncritically. Fol- different projectiles with different projectile velocities and
lowing the arguments of Schiwietz and X#deollective ef- initial charge states. The correlation analysis between the
fects in a metal will give rise to a wake potential which cancoefficientsyg, v, and y; and the stopping powes (in

be estimated from the linear-response free-electron-gas\V/A) for about 200 experimental values give

theory®® The first oscillation of the wake has the largest

amplitude and it represents a repulsive potential for electrons ¥s=(0.086+0.0008 S, (18

and not an attractive one. Furthermore, wake calculations

within second-order perturbation theory show no trend to- ve=(0.295:0.001 S, (19

0 200 400 600 800
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yr=(0.385+0.002S, (20)  crease ofyg/Z? and yz/Z? with Z for fast bare ions.

For nearly all projectiles in the velocity region studied
with r squaredvalidity of the correlation equal to 93% for here coefficientsyr and yg and the stopping powes have
the backward yield, 98% for the forward yield, and 99% forthe same velocity dependence. However for ions heavier
the total yield. In Fig. 16, Eq418)—(20) are represented by than vanadium a slight increase of the parametgr
a straight line. In the correlation analysis we neglected any= ¥ /S with the projectile energy may be stated. The sys-
uncertainty in the stopping pow& values which were sim- tematic study of the\ g andA ¢ parameters as function of the
ply obtained from Ref. 39. projectile atomic numbeZ indicate a decrease with down
to a saturation value afteZ>6 for the forward yield and
after Z>14 for the backward yield. The reduction effect is
IV. CONCLUSIONS stronger for the backward emission than for forward emis-

In this study we measured the number of electrons pefion. @ fact which is due to the dependenceygfon the
incoming projectile from the beam entrance and exit surfacelf’cident charge state. Possible reasons forZtuependence
of thin carbon foils bombarded with 15 projectiles<z  ©f the Ag and Ag parameters are: _
<32) with different incident charge states and different ve- (1) The reduced pre-equilibrium near-surface stopping
locities, below, near, and above the stopping power maxiPOWer(in comparison to the calculated brim bulk energy-
mum. For the projectile energies used in this work, high-'oss vglue‘;responsmle for the_producnon of secongary elec-
energys electrons represent less than 2% of the total electrofONS in the entrance and exit surfaces of the fail; the
yield. A dependence of the backward yiejg on the inci- frac_tlon of Fhe_|on energy loss which leads to targntpro-
dent charge state is observed for all projectiles while fod€Clil€) excitation and consequently does not contribute to
most projectiles an independence of the forward yigid the production of secondary electrofis;) The electric field

from the incident charge state is observed. The screening &f tTe wake of a fastl ion which rinhibits the escape cr’:
the projectile charge by the projectile electrons reduces th&ou omb-sc?ttered 'electrons, thereby i L('educmgr]] t €
backward electron emission. The corresponding reductiogécondary-electron yields. However, even if this mechanism

parameters have been determined as a function of the nurfid" explain the experimental results obtained with fast bare
ber of the projectile electrons. Ions, it is inconsistent with the free-electron-gas theory of

For all ions, except protons, we note as general trend thgpetals. . . . .
the forward to backward yield rati®, increases with the Despite the different mechanisms mentioned above to de-

projectile velocity. In addition, a pronounced increase of theScribe theZ dependence of thég v parameters, the im-

R, with increasingZ is also observed. It was found that the portant assumption of an overall proportionality bet\_/veen the

in?:rease of theR, with Z in the medium velocity region backward, forward, and total secondary-electron yields and
Y

(~1 MeV/u) is not a “nuclear charge” effect, but is simply the stopping power is demonstrated impressively in Fig. 16.

due to the difference in the incident number of projectile
electrons.

We used the experimental results of electron emission as This work has been supported by and performed under the
benchmark for improving the numerical simulation of the auspices of the German-Greek Research and Development
primary stage of ion-matter interaction. We performedCollaboration. H.R., D.H., R.W., K.O.G. wish to thank our
Monte Carlo simulations based on the work by Gervais andsreek colleagues for the fruitful collaboration in Athens.
Bouffard® A reasonable agreemefwithin 20%) between H.R. thanks B. Gervai€CIRIL/CAEN) for important discus-
experimental and calculated results for heavy ions is obsions and making accessible his numerical simulation. H.R.
served. However the difference is larger for light ions. Inacknowledges travel support from the “Service Culturel et
addition, the numerical simulation does not predict the deScientifique” of the French embassy in Greece.
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