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Simultaneous energy distribution and ion fraction measurements
using a linear time-of-flight analyzer with a floatable drift tube

V. A. Morozov and F. W. Meyer
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6372

~Received 15 June 1999; accepted for publication 30 August 1999!

A technique for simultaneous energy distribution and ion fraction measurements using a linear
time-of-flight analyzer with a floatable drift tube is described. Analytical expressions for the relative
collection efficiency and viewing region of the apparatus are developed as functions of the analyzed
particle reduced energy and dimensionless apparatus parameters. The method was applied to studies
of large-angle scattering of singly charged oxygen ions incident on Au~110!, and carried out at the
Oak Ridge National Laboratory’s Multicharged Ion Research Facility. Energy distributions of the
scattered projectiles and the negative ion fraction are presented as a function of scattered projectile
energy. As a by-product of the measurements, the relative ion detection efficiency of the particle
detector was reconstructed as a function of ion impact energy on the detector. ©1999 American
Institute of Physics.@S0034-6748~99!02112-7#
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I. INTRODUCTION

Time-of-flight ~TOF! particle analysis is a well known
experimental technique that requires no special introduct
Its most popular application is in the area of mass spectr
etry where its capability of delivering complete mass spec
with high speed and sensitivity makes possible analysis
species ranging from light molecular and atomic species
huge biomolecules.1,2 Even though the energy resolution of
typical TOF apparatus is typically poorer than that of ele
trostatic energy analyzers, the TOF technique is widely u
in energy loss analysis and is often the only means avail
for measuring energy distribution of neutral particles.3,4 The
latter feature is of particular value in ion–surface scatter
experiments, since a significant fraction of the scattered
ticles are neutrals.

In combination with the less used ‘‘voltage labelin
technique,’’5,6 TOF analysis allows simultaneous measu
ment of the neutral as well as scattered ion fractions. Volt
labeling consists of the time separation of charged parti
on the basis of their different kinetic energy gains in regio
of nonzero electrostatic field. After appropriate TOF-t
energy transformation the detected particle energy distr
tions nq(E) can be obtained. These distributions are rela
to the true particle energy distributionsNq(E) through the
relation nq(E)5Nq(E)3F(E,qU)3D(Ed ,q), where
F(E,qU) defines the collection efficiency of the apparat
~i.e., the fraction of particles with chargeq and energyE
entering the analyzer and eventually reaching the dete
when voltageU is applied to the drift tube!, andD(Ed ,q) is
the detector efficiency depending in general on particle
pact kinetic energy on the detectorEd5E1qV ~V is the
potential on the front of the detector! and chargeq. When
functionsF andD are known, the ion fractions can be dete
mined. In the simplest case where a singly charged an
neutral component dominate the projectile flux to be a
lyzed, the ion fraction is given by
4510034-6748/99/70(12)/4515/8/$15.00
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3

F~E,qU!

F~E,0!
3

D~E1qV,q!

D~E,0!

. ~1!

The first ratio in the denominator of expression~1! is directly
measured, while the second one depends on the appa
design and can be calculated. With regard to the third ra
determination of even relative detection efficiencies for io
and neutrals is usually a very difficult experimental tas
However, for the comparatively high kinetic energies~;1
keV and above! needed in many cases to detect neutrals
can be simplified by the reasonable assumption that the
tection efficiency of typically used secondary electron m
tipliers does not depend on particle charge state7,8 ~i.e., that
secondary electron emission in this energy range has ma
a kinetic origin!. This transforms the ratio required into
ratio of ion detection efficiencies for two different ion dete
tor impact energies, the first being that of the~accelerated!
ion and the second equaling that of the corresponding n
tral. The ion impact energy can be easily changed by vary
the drift tube voltage~and keeping the same all other dete
tor voltages referenced to it to maintain identical detect
conditions!. This means, in general, making auxiliary me
surements at lower ion energyE8 for two different drift tube
voltages, and hence two detector face potentialsV8 and V9
such thatE81qV85E andE81qV95E1qV in expression
~1!, but the experimental conditions~e.g., incidence angle
target azimuth, scattering angle, etc. in ion–surface sca
ing! of these measurements can be chosen for the maxim
ion count rate. Of course, decelerating the ions back to t
original energy~i.e., making them isoenergetic with the sca
tered neutrals! prior to detection by setting the potential o
the front detector face to zero eliminates the need for
latter step@since it would make the third factor in the de
nominator of expression~1! identically equal to unity#, but
this is not always the best solution. The ion detection e
ciency may drop dramatically with decreasing impact e
5 © 1999 American Institute of Physics
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ergy, and, if the ion fraction is small, this means long acq
sition times to get sufficiently good statistics. As will b
shown, implementation of a floatable drift tube permits dir
measurement of this ratio and allows the detector face to
kept at nonzero potential in order to ensure high ion de
tion efficiency. Analysis of the ion TOF spectra recorded
different tube voltages also makes possible extraction
more detailed information about the relative ion detect
efficiencyD(Ed) itself as a function of ion detection energ
which can be useful for many applications.

Compared with other techniques used for ion fract
measurements, this method does not require the long ac
sition times, needed, e.g., when the ion fraction is obtai
by subtracting the neutral spectra from corresponding spe
of neutrals and ions,8,9 and has the advantage of simplicity
design~no moving parts, a single conventional detector
stead of the more complicated position sensitive detector4,7

or multidetector systems10 required when neutrals and ion
are separated by passage through a region of transverse
trostatic field!. Information about energy distributions an
scattered ion charge fractions gained by any of the ab
means often provides important clues for understanding
physical mechanisms involved in the interaction being st
ied.

II. MAIN FEATURES OF LINEAR TOF
MEASUREMENTS WITH A FLOATABLE DRIFT TUBE

The geometry of a linear TOF analyzer with a floatab
drift tube is shown in Fig. 1. For the sake of simplicity th
regions of nonzero electric field~linear acceleration region
between sections and in front of the detector! are ignored.
Considering a beam of particles with massm, chargeq, and
energyE traveling close to the apparatus axis (a,b!1) the
flight time in such a system is given by

T5Am

2
3S l

AE
1

L

A~E1uqUu!
D , ~2!

where acceleration voltageU is applied to the drift tube~the
deceleration mode is less common since in that case the
peaks are typically broader and sit on top of the neutral ta!.

Two features of the analyzer are highlighted. First, d
to the finite size of the detector, the collection efficien
depends obviously on the particle charge state. As can
seen from Fig. 1, assuming a point source on the TOF a
only those neutrals whose trajectories are enclosed in circb
can be detected, while for ions the corresponding circle,c, is
larger. Using the equalityR5n'T, the perpendicular veloc
ity n' for the particle’s extreme trajectory reaching the d
tector at radiusR ~see Fig. 1! can be determined; the radiu
of the corresponding circle in the plane separating the z
and nonzero drift tube voltage regions is given by

r 5n't5
R

T
t5

Rk0

k01@1/A11~1/e!#
, ~3!

where t5 l /A(2E/m) is the particle flight time in the field-
free region,k05 l /L is one of the analyzer parameters a
e5uE/qUu is the particle reduced energy (1/e50 for neu-
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trals!. The relative collection efficiency, defined now as t
ratio of the number of ions and equivalent neutrals from
point source that strikes the detector, is given by

f ps~e!5
F~E,qU!

F~E,0!
5

Sc

Sb

5S 11k0

k01@1/A11~1/e!#
D 2

, ~4!

whereSb andSc are the areas of circlesb andc, respectively.
Considering now trajectories originating at some d

tanceY from the apparatus axis~i.e., assuming an extende
source!, it may be seen from Fig. 1 that not all trajectori
terminating on the detector surface in fact pass through
aperture of the TOF system,A. Note that since all angles ar
small, the radius of circled to first approximation does no
depend onY and is given byr 05r 3 l 0 / l , where l 0 is the
position of apertureA. Sincer 0 depends~throughr! also on
reduced energy, the viewing region of the TOF system
defined not only by its geometry but also bye. The fraction
of particlesg(Y)which are actually detected is defined by t
overlap of circled with apertureA. After adopting the fol-
lowing variable and parameter definitions~see Fig. 1!,

p5
r 0

r a

5
k1k2

k011/A11~1/e!
,

x5
Dr

r a

5
Y

r a

11k02k2

11k0

, y5
Y

r a

,

with k15R/r a , k25 l 0 /L as two additional dimensionles
apparatus parameters, a straightforward derivation, omi
here, shows that the fractiong(y) is given by

FIG. 1. Geometrical diagram of the linear TOF analyzer with a floata
drift tube, consisting of two field-free sections of lengthl andL with poten-
tial differenceU between them. ApertureA is the smallest angular accep
tance aperture of the apparatus.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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g~y!55
1; x,12p

0; x.12p

12
1

p H arccosS 12p22x2

2px
D 2

1

p2 FarccosS 12p21x2

2x
D 2

A@p22~x21!2#@~x11!22p2#

2
G J

12p<x<11p,

~5a!

for the case ofr 0<r a(p<1) and

g~y!55
1, x,p21,

0, x.p21,

1

p2 H 12
1
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2x
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for the case ofr 0.r a(p.1).
As an illustration several ‘‘viewing region’’ curves fo

our particular apparatus are shown in Fig. 2. The total nu
ber of detected particles of given energy is defined by
integral n(e)5N(E)*s(y)g(y,e)dy, whereN(E) and s(y)
are the beam energy distribution and beam intensity pro
respectively. The results of numerical integration of this e
pression assuming several Gaussian-shaped beam profi
different widths,w, are shown in Fig. 3. As can be see
when taking into account finite beam size~i.e., assuming an
extended source!, the effective ion transmission of the app
ratus is reduced beyond critical values of the inverse redu
energy that depend on the beam widthw. The relative col-
lection efficiency, expression~4!, therefore has to be modi
fied to

f es~e!5 f ps~e!3
*s~y!g~y,1/e!dy

*s~y!g~y,0!dy
. ~6!

The dependence of point-source and extended-so
relative collection efficiencies on reduced particle energy
shown in Fig. 4 as lines for two different beam profiles t

FIG. 2. Viewing region curvesg(y,e21) for the linear TOF apparatus with
a floatable drift tube and with a particular set of dimensionless parame
k050.15; k154.2; k250.068 @see the text and expression~5! for defini-
tions; e215uqU/Eu is the inverse reduced energy#.
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gether with resultsf sim ~shown by symbols for one of the
assumed beam profiles! of a simulation that takes into ac
count flight times in all regions of the apparatus~i.e., with all
nonzero electric field regions included!. As can be seen
good agreement~the relative error is less than 5%! is found
over the whole range of reduced energies.

Turning now to the second feature of TOF measu
ments with a floatable drift tube, it can be shown by taki
the derivative of expression~1! that the simple relation be
tween relative energy and time of flight errorsDE/E
52Dt/t, valid for standard linear TOF systems, has to
replaced by

DE

E
5

Dt

t
3S~k0 ,e!,

where

S~k0 ,e!5
2

121/@~11e!~11k0A11~1/e!!#
. ~7!

rs:

FIG. 3. Ratio of the number of detected particlesn(e) to the total number of
particlesN(E) of given energyE entering the analyzer whose viewing regio
curves are presented in Fig. 2 as a function of the inverse reduced en
e215uqU/Eu for several Gaussian-shaped beam profiless(y)
5(A2/p/w)exp@22(y/w)2# ~width, w, is in units of r a , the radius of the
smallest angular acceptance aperture of the apparatus!.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Expression~7! depends now explicitly on the reduced ener
of the analyzed particles as well as on the analyzer geom
illustrated in Fig. 5. This places an additional constraint
the accuracy of the TOF measurements, since an erro
flight time will now result not only in an incorrect value fo
the particle energy, but may have an impact on the shap
the energy distribution as well. It is important to note al
that peak width comparisons~for example, of binary colli-
sion peaks for neutrals and ions in large-angle scattering
periments! have to be made with caution, since the sa
intrinsic experimental flight time uncertaintyDt, arising
from finite beam size and impact time distribution, will resu
after the TOF-to-energy transformation in different pe
broadenings,DE, which depend on the mean peak reduc
energye @see expression~7!#.

III. EXPERIMENTAL APPROACH

A linear TOF system 75 cm long with a floatable dr
tube (k050.148; k154.2; k250.068) and a dual micro
channel plate detector are implemented in the recently de
oped apparatus~Fig. 6! for low energy multicharged ion–
surface interaction studies at the Oak Ridge Natio
Laboratory ~ORNL! Multicharged Ion Research Facility
Since the focus of this article is on TOF measurements
formed using this apparatus, only a brief description of
entire setup is presented here. Additional details about
apparatus can be found in another publication.11 Ions are
extracted from an electron cyclotron resonance~ECR! ion
source at 10 kV extraction voltage and decelerated to
desired energy in a floating ultrahigh vacuum~UHV! scatter-
ing chamber. Beam deceleration is accomplished by a
element zoom lens whose 2 mm diam exit aperture is loca
2.5 cm upstream of the target at the center of the cham
The beam spot on target can be determined by monito
the current transmitted through a narrow slit on a beam s

FIG. 4. Uncorrected@expression~4!, dashed line# and corrected@expression
~6!, solid lines for two different Gaussian-shape beam profiles# relative col-
lection efficiencies for the linear TOF apparatus with a floatable drift tu
~dimensionless parameters:k050.15; k154.2; k250.068) as a function of
the inverse reduced energye215uqU/Eu The simulation results for one o
the assumed beam profiles (w50.46) and two different tube voltages ar
also shown by symbols@~h! U52900 V; ~s! U5800 V#.
Downloaded 28 Oct 2005 to 160.36.192.163. Redistribution subject to A
try
n
in

of

x-
e

d

l-

l

r-
e
e

e

ix
d
r.
g
p

translated immediately in front of the target. Typical sp
sizes were measured to be 2–3 mm full width at half ma
mum ~FWHM!. In the present configuration the TOF syste
is oriented 120° with respect to the incident beam. The g
target used in the present experiment was preparedin situ by
repeated cycles of Ar1 sputtering and subsequent anneali
for several minutes at about 450 °C. The target is attache
a sample mount positioned on anx–y–z manipulator, per-
mitting rotation about an axis perpendicular to the incide
beam. The pressure in the scattering chamber was less
3310210 mbar.

To permit TOF analysis, a beam chopping system w
installed about 2 m upstream of the 90° deflector and
capable of producing ion pulses as short as 15–30 n

FIG. 5. Ratio of the relative energy to time-of-flight errorsS(e,k0)
5(DE/E)/(Dt/t) as a function of reduced energye5uE/qUu for different
values of the apparatus parameterk05 l /L @expression~7!#.

FIG. 6. Schematic of the experimental apparatus and TOF electron
1—90° spherical sector electrostatic deflector; 2—6-element decelera
zoom lens; 3—180° spherical sector electron spectrometer; 4—stra
through Faraday cup; 5—sample; 6—electron impact ionizer; 7—bias
drift tube of the TOF analyzer; 8—beam chopping plates; 9—high volta
~HV! isolation to 15 kV; 10—dual microchannel plate detector; 11—fa
amplifier; 12—constant fraction discriminator; 13—time-to-amplitude co
verter; 14—analog-to-digital converter; 15—computer; 16—low-amplitu
function generator; 17—pulsed power supply.
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width by periodically sweeping a beam of ions across a sm
aperture. The theory on obtaining such a short burst of i
from an ion beam is well developed12 and the technique is
widely used.3,4,6 The scattered particle signal from the dete
tor is used to trigger the time measuring cycle, while a sy
pulse from the chopper stops the measurement. By accu
lating a large number of such cycles, a TOF spectrum
produced. In all the measurements presented below, the
tection rates did not exceed several kHz. This was much
than the typical chopper repetition rate~<50 kHz! chosen to
accommodate a maximum flight time of 20ms, so no dead
time corrections13 were needed for the TOF spectra acquire

The obvious drawback of such a technique is the imp
sibility of direct determination of the impact time~i.e., time
zero!. This is typically not a problem in small-angle scatte
ing experiments where detection of a part of the direct be
provides the necessary reference for energy loss analysis
this is evidently not an option in a large angle scatter
geometry. Several other techniques can be used to deter
time zero in the TOF spectrum. The most direct method
detection of photons produced in the interaction by the sa
TOF detector. This provides immediate information abo
the impact time distribution, but is usually possible only
the case of multiply charged ion impact on surfaces wh
the photon number and energy generated are sufficien
overcome the usually low photon detection efficiency
commonly used microchannel plate detectors. Anot
method is secondary electron detection~where possible!,
which is more efficient but requires additional informatio
about the electron energy distribution for accurate deter
nation of time zero. Alternatively, an auxiliary detector~such
as an electron spectrometer in our case! can be used to detec
photons or electrons produced during the interaction~the dif-
ference in internal time delays of the detection channels
to be taken into account in this case!. Finally, an important
issue for TOF measurements is an accurate time calibra
An ORTEC 462 time calibrator was used in the present ca

FIG. 7. TOF spectra acquired at three different drift tube voltages for
case of 590 eV O11 projectiles incident on Au~110! 50° relative to the
surface normal. Inset: Expanded region of the spectra at short flight t
showing the secondary electron TOF peaks together with simulation re
~shown by symbols!. Thick lines ~squares!: U52900 V; thin line~circles!;
U51500 V; dashed line~triangles!: U5800 V.
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It permits calibration of time periods from 10 ns to 80ms and
has an absolute accuracy610 ps for a 10 ns period.

IV. RESULTS AND DISCUSSION

Selected data for the case of scattering O11 ions from a
Au~110! single crystal surface are presented here to illustr
the type of information which can be gained using a TO
analyzer with a floatable drift tube. The measurements w
performed for incidence angles spanning the range of 0°–
~relative to the surface normal! and at a ‘‘random’’ azimuth
direction, with the drift tube biased positively to analyz
negative ion and neutral fractions. The ORIGIN 5.0 softwa
package and in-house developed computer codes for T
spectrum simulations and TOF-to-energy transformati
were used for data analysis.

A. Relative ion detection efficiency

Figure 7 shows TOF spectra acquired at three differ
drift tube voltages for a case of 590 eV O11 projectiles inci-
dent on Au~110! at 50° relative to the surface normal. Ex
panded regions of the spectra at short flight times that sh
the secondary electron peaks are presented in the inse

e

es
lts

FIG. 8. ~a! Results of TOF-to-energy transformations for the negative
components of the spectra shown in Fig. 7 after corrections for~a! collection
efficiency only and~b! detection efficiency as well:~h! U52900 V; ~s!
51500 V; ~n! U5800 V. Inset~a! Ratios between curves 3 and 1,~m! and
curves 2 and 1,~d! shown together with results of the best fit~lines! cal-
culated using expression~8! with parametersa52, b51680, c50.0095,
const51. Inset~b! Relative ion detection efficiency@expression~8!#, used in
TOF-to-energy transformations, as a function of ion detection energyEd for
the parameters given.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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low negative voltageu524.2 V was applied to one of the
grids in front of the drift tube to prevent very slow electro
from broadening the peak. All detector voltages were k
constant in relation to the drift tube voltage to ensure
same detection conditions~i.e., the same electric fields i
front of the detector and inside the microchannels which
fine secondary electron trajectories and affect the dete
output signal!. The potential difference applied between t
first microchannel plate and the drift tube exit grid was ke
negative (DV52200 V!, mainly to prevent detection of sec
ondary electrons produced in the drift tube by particle co
sions with the tube walls.

Both the negative ion and neutral parts of the spec
consist of comparatively sharp peaks very close in posi
to that expected for binary collisions between the incid
projectiles and isolated Au atoms, and long straggling t
resulting from multiple collisions. A significant drop in th
number of detected ions with decreasing drift tube voltag
clearly discernible. The time zero reference needed for
TOF-to-energy transformation was obtained by fitting t
measured electron TOF peaks with a simulation that inc
porated finite beam size and start-time spread and that
based on a secondary electron energy spectrum~not shown!
acquired with the electron spectrometer. The simulation
sults are shown in the inset by symbols. It can be seen f
the inset that the electron TOF peak is practically gone at
lowest tube voltage applied. This can be attributed to
influence of the residual~Earth’s! magnetic field~note that
the detection efficiency for 600 eV electrons is compara
or might even be higher than that for 1.3 and 2.7 keV el
trons due to the energy dependence of the electron-indu
secondary electron emission!. A simulation of the depen-
dence of the peak amplitude on the drift tube voltage p
vides an estimate of the transverse field strength of;0.1 G,
which is sufficiently low to not significantly affect the io
trajectories.

FIG. 9. Backscattered projectile TOF spectra for 1.4 keV O11 ions incident
on Au~110! over a range of angles.
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Figure 8~a! shows the results of the TOF-to-energ
transformation for the negative ion components of the sp
tra after correction for collection efficiency@see expression
~6! and Fig. 4#. Figure 8 illustrates the effect of tube voltag
on ion detection efficiency, as well as the procedure used
making the required correction. To that end, in the inset
Fig. 8~a! ratios between measured scattered ion energy
tributions acquired at different tube voltages are show
These ratios correspond precisely in form to those requ
in expression~1!,

d~E8,U8,U9!5
D@E81uq~U82DV!u#

D@E81uq~U92DV!u#
5

D~E1uqUu!
D~E!

,

whereE5E81uq(U92DV)u andU5U82U9.
As described in Sec. I, by making auxiliary measu

ments at scattered ion energyE8 with two appropriate drift
tube voltages, the ratio of detection efficiencies required
ion fraction estimates is determined. Even though not
quired for ion fraction determinationsper se, the functional
form of D(Ed) ~i.e., the dependence on detection energ!
can be deduced as well, which is of interest in other ap
cations. From inspection of a large set of measureme
taken at constant scattered ion energyE but with different
tube voltages, the following analytical form describing t
dependence of detector efficiency on ion detection ene
Ed5E1uq(U2DV)u was deduced:

D~Ed!5constF S Ed2a

Ed
D b

1cG , ~8!

with parametersa, b, andc determined by a manual fitting
procedure. The quality of the fit was checked by a le
squares comparison of calculated valuesd(E,Ui ,U j ), where

FIG. 10. Results of TOF-to-energy transformations of the spectra show
Fig. 9 for 0° @~n! for neutrals,~m! for ions# and 50°~squares! incidence
angles~relative to the surface normal!. Curves are normalized to the maxim
of the binary collision peaks. Fit of the neutral binary collision peak w
two Gaussian distributions for 0° incident angle is also shown as solid li
Inset: Widths of the Gaussian fits to the neutral~s! and negative ion~d!
binary collision peaks over the entire range of incidence angles.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Ui and U j are different drift tube voltages, with the me
sured ratios shown in the inset of Fig. 8~a! ~the result of the
final fit is shown by lines!. Since in the present instance th
measurements were not normalized to the absolute par
flux entering the analyzer, only the energy dependence c
be found from our experiments@i.e., the const in expressio
~8! was arbitrarily set equal to unity#. Figure 8~b! shows the
results of TOF-to-energy transformations taking into acco
the thus deduced ion detection efficiency which is rep
duced in the inset of Fig. 8~b!.

B. Ion fraction measurements

Figure 9 shows TOF spectra for the case of 1.4 keV O11

projectiles incident on Au~110! over a range of angles an
Fig. 10 presents the results of TOF-to-energy transform
tions for 0° ~open triangles for neutrals and closed triang
for ions! and 50°~squares! incident angles~relative to the
surface normal!. As can be seen in Fig. 10, the widths of th
neutral binary collision peaks remain practically the sa
~the difference being in the broadening on the high ene
sides of the peaks that can be attributed to double scatte
events leading to the same final deflection with lower to
energy loss!, while the widths of the corresponding negati
ion peaks are broader and depend on the incident angl

FIG. 11. Negative ion fraction~obtained from the TOF spectra shown
Fig. 9! as a function of the~a! scattered projectile energy and~b! inverse
vertical velocity. The lines are linear fits to the data.
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In

the inset of Fig. 10 the corresponding widths for all fo
measured incident angles are presented; they were obta
by fitting the peaks with two Gaussian distributions using
ORIGIN nonlinear fitting tool, and are shown in Fig. 10 b
solid lines. The width difference between neutrals and io
cannot be ascribed to any apparatus effect. Any system
errors will result in a flight time uncertainty which in tur
causes energy distribution peak broadening. According
expression~7! this broadening can be different for ions an
neutrals@since corresponding slopes for dependenceDE(Dt)
are different#, but, if the neutral peak width remains th
same, the ion peak width should exhibit the same tende
The width differences might alternatively be attributable
differences in trajectories leading to neutral atom or nega
ion formation. The binary collision approximation is ce
tainly an idealization of the real interaction, which might b
sufficient to describe elastic energy losses, but may fail in
presence of inelastic loss. We defer in the present art
further discussion of the issue of differing binary pe
widths, and present below negative ion fractions only for
straggling tails of the distributions resulting from multip
collisions. In addition to avoiding the elastic peaks, focus
the straggling tails assures that charge equilibration has
curred prior to negative ion formation on the exit trajecto
In addition, the negative ion fraction in this case is giv
simply by expression~1!, since for oxygen projectiles posi
tive ions can survive only in binary collisions.11

Figure 11 shows the negative ion fraction as a funct
of scattered particle energy and inverse vertical velocity.
can be seen in the lower plot of Fig. 11, the negative
fraction coalesces, within experimental errors, into a sin
curve when plotted as function of inverse vertical veloc
that decreases quite steeply with increasing 1/n'. The
former feature suggests that the determinant paramete
negative ion formation for our geometry and conditions
the time the scattered projectile spends near the surface o
exit trajectory. Such behavior has been previously obser
by van Wunniket al.14 who investigated H2 formation dur-
ing large-angle scattering from cesiated W surfaces.
Wunnik et al. found that, while a strong parallel velocit
dependence was evident for Cs coverages resulting in
lowest surface work functions~closest in resonance to th
H2 affinity level!, for lower Cs coverages and correspon
ingly larger surface work functions, the dominant depe
dence below the H2 maximum was on perpendicular veloc
ity. Further measurements are planned to determine if
observed behavior is typical of the negative ion formation
other species as well.
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