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Summa

The v2locity distribution of electrons ejected
(:'10517l to the forward direction by 0.8-2 MaV/A ions tra-
versing various solid targets, including a Au monocry-
stal, is measured in coincidence with emerging charce-
selected ions.

. The velocity spectrum is observed to be independent
of outgoing projectile velocity and charge siate for
polycrystalline targets. HMeasurements on the Au crystal
under channeling conditions show dependences on final
charge state, and are tentatively explained by assuming
that the main contribution to the production yield comes
from the non-channeled fraction of the ions. A simple
model for the creation of the forward-ejected electrons
is proposed, which accounts for most of the experimental
findings.

Introduction

Fast ions penetrating solids or gases produce free
electrons, whose velocity distribution shows a distinct
peak centered at the velocity of the emerging projec-

1:1‘Ie..|’2 Since 2 dominant influence on the electron
momentum distribution comes from the Coulomb field of
the ererging ion, in the ion-atom case the electron
aroduction is often ascribad to electron capture to the
continuun. In the solid target case, the e]ecgrons are
commonly referred to as convoy electrons {CE).

For continuum electron production in gases under
single collision conditicns a distinction can be made
batwesn the mechanism in vwhich one of the electrons of
the projectile is excited to a low-lying continuum state
{elec:iron loss to the continuum, ELC), and that in which
a target electron is captured with a velocity close to

that of the ion (electron cepture to the continuum, ECC).

The velocity spectrum of electrons ejected in the for-
ward direction shows, in the case.of a dominant contri-
buticn From the ELC channel, a syrmetric peak with widith

almost independent of projectile velocity,3 white in
collisions where ECC dominates (as for incident bare
jons) the width is observed to be roughly proportional
to the projectile velocity, in qualitative accordance

with predictions.

The situation is less clear for dense targets, in
vhich the state of the jon at the time of creation of
the electron is unknown. Models assuming collisions
near thz surface as the source for convoy electrons may
sometimes be justified by the short mean free path for
kaV electron scattering inside solids, which may limit
the possible origin to the last ~ 10 A of the target.

Alternatively, a bulk production mechanism has been

pr-oposed.s’6 Ions traveling in solids with velocity

Vi > Vg = (ZEF/m)"’, (1)

where EF is the Fermi energy of the material and m the
electron mass, are trailed by a spatially oscillating

(wake) potential,7 caused by collective motions of the
This velocity is of the order of 1

atomic unit (a.u.) for most materials. The amplituce -~

of the oscillations fur vy 2-20 a.u. ions in metals is

estimated to be suf™ciently strong to bind valence elec~
trons from the targei in a wake-riding state with a mean

free path for the decay of 10-20 A.7’8 These wake-bound
etectrons may eventually penetrate the exit surface and
emerge with velocity close to Vi and thus contribute to

the convoy population.

Major sources of uncertainty in earlier experiments
for lighter ions at lower velocities are the treatment of
background and, for heavy projectiles, the averaging over
final charge states. Since most experiments have been
carried out with residual gas pressure larger than 107*
Torr, there is also 2 possible influence of contaminating
layers on the target surface which must be examined.

In recent experiments at ORNL we have tried to over-
come these difficuities by detecting electrons in coin-
cidence with the charge-selected jon and by interchanging
polycrystalline targets with a singie crystal, which can
either be randomly oriented or aligned along one of its
planar or axial channeling directions.

Experiment

Beams of pA intensity and various charge states were
obtained from the ORNL tandem (Z = 6, 8; E= 0.8 - 2
tia¥/A). Self-supporting foils of € (30 ug/cm?), Al (50
ra/cm?} and Au (199 pg/cm?), and a Au monocrystal (v 302
ug/cm?) were used as targets. For the beams used, charge-
state equilibrium wa2s reached in the fToils.

The electron spactire vere acquired with a spherical
sector electrostatic analyzer, whose energy resolution
was set to 1-1.4% (FuhM) by the source size and an aper-
ture at the exit facus. The targets were placed at the
entrance focus of ths analyzer. The incident beam was
collimated to 0.06 deg, so that > 95% of incident 1.25
te¥/A oxygen beams ware within typical channeling accep-
tance angles, and the angular spread after the amorphous
targets was dominated by the scattering in the foils.
The half angle of the cone of observation, centered
around the beam axis, was set to 1.5-1.7 deg. A hole in
the outer plate of the analyzer permitted transmission of
the emergent ion beam. The ions were subsequently focused
by a quadrupole douhlet, charge-state analyzed in a mag-
net, and collectad in an electron multiplier (CENM),
mounted in the end of 2 ~ 1 m Tong Faraday cup. Three
sets of mutually orthogonal pairs of Helmholtz coils
reduced the residuz] magnetic field in the region of ob-
servation to less than 107 T. A pressure of ~ 1077 Torr
in the system eliminated charge-changing collisions with
the residual gas. Data were normalized either to the
charge collected in the Faraday cup, or to the number of
ions counted by the CEi. Standard coincidence electronic
techniques were used to measure the electron velocity
distribution. A start signal for a time-to-amplitude
converter was generated by the detection of an energy-
analyzed electron, wnile the stop signal was generated
by the arrival of the charge-selected ion in the Faraday
cup CEM within the 21lovied time window. Accidental
events were counted in a time window of equal width. The
total ion flux was adjusted so that the true-to-acciden-
tals ratio always exceeded 5. The set-up permitted.
sirultaneous measurement of the number and energy dis-
tribution of elections in coincidence with a particular
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Figure 1.

charge state of the emergent ion, and the total numbe:-
of jons of a certain charge state. A schematic diagram
of the set-up is shown in Figure 1.

Results

We find that in all the investigated cases the full
width at half maximum (FWHM) of the convoy ve10f1ty peak
from selid targets is n2arly independent of prciaztile
velocity and atomic number, of emerging charge state,
and of the target chosen. The peaks are nearly symmet-
ric with a slight skew corresponding to an erhancerent

of the v, > v; wing (Figure 2).

For a given incident projectile and polycrystallire
target the yield, defined as the number of CEs per emer-
ging ion, do2s not depend on the charge state of the

merging icn, while the dependence on projectile atemic
number and energy and on target is observed to be roughly

consistant with earlier measurements,9 in which the
yields for the polycrystalline targets were observed
to vary according to the expression:

m. gn,

Y=kx¢C (2)

targ * Z

proj

where £ and 2 ro3 are the energy in MeV/A and atcmic
2.25. Cis

number of the projectile, m = 2,75 and n =
a targat-dependent constant, ranging from 1 to 1.7 for
the po]jcrysta]]ine foils used, while an estimate of the
averasze number of collisions inside the targets, as

given by a reduced thickness est1rate,]o ranges from 1
to 50. An estimate of the absolute total y1e1d similar
to thz one in Ref. 9 gives k of the order 1072, with E
in MeV/A.

Yields for {ons traversing channels in the Au cry-
stal are all distinctly lower than those from poly-
crystailine targets and show a significant dependence
on final charge state, as seen in Table 1. The highest
yields are observed in cases where simultaneously single
or double bound-state capture occurs, while the lowest
are those for which the charge state decreases or does .
not change. A similar correlation between bound-state

Schematic diagram of the experimental apparatus.
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Figure 2.

The longitudinal veiocity distribuéion of

convoy electrons emerging from a salid when

12 Hev *3¢2* is incident on a 40 po’cm? Al
target. The "singles" or non-coincident dis-
tribution is shown in the lower left-hand
corner. TYhe electron velocity distributions
in coincidence with the final charge state of

C6+. C4+ and C3+ are shown in clockwise

arrangement starting in the upper left-hand
corner. The vertical scale (intensity) is
arbitrarily normaliced for each spectrum.
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Table 1. Coavoy electron yield (%) per emergent jon,

for 0%* incident at 2.4 MeV/A on Au in the
<110>, <100>, and random directions. The
yield 1s normalized to tha measured rendom
yield of ~ 3.8 x 10™° electrons/ion, The
nurber in parentheses is the fraction (%) of
emergent ions in state 9+

a, out
r 7+ 5+
q in ’
Y<110> 21 (68) 39 (28) 82 {a)
g+ Y<100> 37 (59) 58 (35) 79 (6)
Y<Rand> 100 (25) 100 (59) 100 (15)
v<110> 29 (42) 24 (51) 88 (7)
7+ Y<100> 37 (52) 47 (42) 71 (6)
Y<Rand> 100 (25) 100 (60) 100 {15)
Y<1i0> 37 (2 29 (42) 21 (27)
6+ ¥<100> 35 (49) 45 (42) 87- (9)
Y<Rand> 100 (27) 100 (57) 100 (16)

capture and capture to the continuum has besn verjfiecd
in experiments on Ar gas targets, where for 9 a.u.

08+ incident ions, single or multiple bound-state cap-
ture is often absarved to accompany ECC.

Discussion

The experimental finding that the spectirum ce is
nearly syrretric and independent of the praisciile ziomic
rnuntar and velocity suggests a close connection beiuwesn
convey electron production and ELC processes in gasszou
targets, and is inconsistent with both the "las:t jayer”

sha:

and with praseni wake-

hypottesis of Dettmann et 31.4

ridirg lricsdels].".'2 (Figure 3).

Following the arguments of Sterng]ass]4 on saccriary
electron emission, the weakness of the tarcat dacanderce
can be gqualitatively explained. According tc this madel,
the yield of secondaries is essc.iially determinad Ly the
ratio of the cross section for electron procduction tc
that Tor elactron scattering inside the solid. Thais
ratic is essentially the same for all conductsrs at a
given projectile velocity and charge. Tha asyrmetry of
the convoy peak can be explained by assuming 2 velecity
depencznce of v~'® for the probability of electron scai-
tering away Trom the Va vy condition (Figure 4).

For the channeled ions a simple model can bz con-
structed which produces most of the data. Two classes
of ions are postulated, A and B, of which cl255 A con-
tains the "well-channeled" ions, while ions in class 2
experience close collisions with the target atoms. 1In
the A channel the ions are confined to collisions with
loosely bound outer electrons with energy ~ 10 eY, Tor
which capture and loss cross sections are small, while
the B icns interact with closely bound elcctrors, which
are far nore efficient at contributing to capture accor-
ding to the Bohr velocity matching critericn. Assunirg
{as is indicated by the dat2) negligible yield for couble
bound + continuum state capture for class A jons, and e
yield egqual to that of the crystal in randon direction
for 21 class B ions, the fractions of ions in the dif-

"-0, ferent channels and the corresponding total yieids can -
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Figure 3. The full width at half maximum of the longi-

tudinal electron velocity distribution, Fys

for convoy electrons as a function of the
electron velocity Ver The incident projec-

tile energy, in MeV/u, appears at the top of
the figure. The dashed line is the ECC pre-

diction.3 The solid lines are the predictions
of the wake-riding theory for an At target

with the indicated projectiles. The lowest
salid curve marked Ag is the prediction of
wake-riding theory for protons incident cn
Ag. The experimental data for solids are
represented by the heavy solid line. The
open points represent the gaseous target (Ne

and Ar) results for 08+ and Si14+.

be inferred for all corbinations of incoming and emerging
charge states. Using these values and crystallographic
data for the different channels, the effective area
available for group A and B jons can be calculated. The
result, for both the <110> and the <100> channels, is -
that only ions with impact parameter less than ~ 0.65 &,
vhich roughly correspords to the mean radii of the 47
and 5p electron orbits in Au, appreciably contribute to
convoy electron production.

Since the observation depth in any of the models caon-
sidered does not exceed 10-20 A, establishment of complete
charge-state equilibrium following the CE creation is
most unlikely. The total absence of correlation between
yield or shape with emergent projectile charge state
(for icns randomly scattered in monocrystals scattered
in poly~rystals) therefore leads to the suggestien that
the CEs are created in conjunction with an unkpown pro-
cess which repopulates the charge states with probabili-
ties equal to those for equilibrium, and thus may make
the ion charge prior to the process inaccessible to
experiment.

A relevent quantity for comparison of a possible
gharge dependence with theory is the average jon charge
inside the target, a quantity which is incompletely
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Spectrum of convoy e]ectrons emergent near

0 deg fron 16 MeV 0 fons traversing a
30 pg/cm® € foil. The upper data points
are obtained from the raw spectrum {lower
points), through a correction factor (v~

to account for the estimated velscity depen-
dence of the electron escape cepth. The lcwer
curves represent respective fitted cusp
shapes, which better display the degrsas of
syrmmetrization produced.

Figure 4.
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kncwn. The experimental results for channaled ions ray
reguirs consideration of the Tact that chargs-sta‘e

S0 s . 15
eauilit-ium is far from reached in these cases,” leacd-
ing to 2 possible dependence of yield on incoming chargs
state,

In conclusion, we summarize an admittedly incocm-
plate, though useful, model for convoy electron produc-
tion in polycrystalline solids: CE producticn is ini-
tiated in close collision with target atoems throughout
the bul¥, but those observed originate within~ 10 A
from tha exit surface. First single or multiple elec-
tron cz:zture occurs, irmediately followad by electran
loss toc the continuum. Further subsequent influence of
the Couicmb field of Lhe ion on the velocity distribu-
tion is small.
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