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Simultaneous energy distribution and ion fraction measurements
using a linear time-of-flight analyzer with a floatable drift tube
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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 qi ), and carried out at the

Oak Ridge National Laboratory’s Multicharged lon 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 detectdé99®American
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I. INTRODUCTION N 1
q
= . (D
Time-of-flight (TOF) particle analysis is a well known Ng+No 1+n0(E) F(E.qU) D(E+qV.q)
experimental technique that requires no special introduction. ng(E)  F(E,0) D(E,0)

Its most popular application is in the area of mass spectrom- ] o ] o
etry where its capability of delivering complete mass spectra N€ first ratio in the denominator of expressidnis directly

with high speed and sensitivity makes possible analysis O@wegsureda Wh'lebthe lseclondd o\r/1v§ r:depencéls onhthehggpargtus
species ranging from light molecular and atomic species t(SjeS'gn and can be cajcu at_e - Wit regar .t(.) ¢ c thir r_atlo,
huge biomolecules? Even though the energy resolution of a determination of even relative detection efficiencies for ions

. . . and neutrals is usually a very difficult experimental task.
| TOF Il han that of elec- . . L .
typical TOF apparatus is typically poorer than that of elec However, for the comparatively high kinetic energiesl

I ic ener nalyzers, the TOF techni is widel . .
.t ostatic energy a alyzers, t. e TOF technique is widely .useEeV and aboveneeded in many cases to detect neutrals, it
in energy loss analysis and is often the only means available

for measuring energy distribution of neutral particlésThe can be simplified by the reasonable assumption that the de-

: . o . tection efficiency of typically used secondary electron mul-
latter feature is of particular value in ion—surface Scatte”ngtipliers does not depend on particle charge &fafee., that

e_xperiments, since a significant fraction of the scattered pars'econdary electron emission in this energy range has mainly
ticles are neutrals. ) __a kinetic origin. This transforms the ratio required into a
In. comsbénatlon with t,he less U§Ed voltage labeling ratio of ion detection efficiencies for two different ion detec-
technique,™” TOF analysis allows simultaneous measure-;,, impact energies, the first being that of tfezceleratex
ment of the neutral as well as scattered ion fractions. Voltag&,, and the second equaling that of the corresponding neu-
labeling consists of the time separation of charged particleg | The jon impact energy can be easily changed by varying
on the basis of their different kinetic energy gains in regionshe grift tube voltaggand keeping the same all other detec-
of nonzero electrostatic field. After appropriate TOF-0-tor yoltages referenced to it to maintain identical detection
energy transformation the detected particle energy distribusonditiong. This means, in general, making auxiliary mea-
tions ng(E) can be obtained. These distributions are relatedyrements at lower ion enerd/ for two different drift tube
to the true particle energy distributioM;(E) through the  yoltages, and hence two detector face potentidlsand V"
relation  ng(E)=Nq(E)XF(E,qU)XD(E4,q), Where gych thatE’ +qV'=E andE’+qV’=E+qV in expression
F(E,qU) defines the collection efficiency of the apparatus(1), but the experimental condition®.g., incidence angle,
(i.e., the fraction of particles with charge and energyE  target azimuth, scattering angle, etc. in ion—surface scatter-
entering the analyzer and eventually reaching the detectgng) of these measurements can be chosen for the maximum
when voltagel is applied to the drift tube andD(E4,q) is  jon count rate. Of course, decelerating the ions back to their
the detector efficiency depending in general on particle imoriginal energy(i.e., making them isoenergetic with the scat-
pact kinetic energy on the detectey=E+qV (V is the tered neutralsprior to detection by setting the potential on
potential on the front of the detecjoand chargeg. When  the front detector face to zero eliminates the need for the
functionsF andD are known, the ion fractions can be deter- latter step[since it would make the third factor in the de-
mined. In the simplest case where a singly charged and mominator of expressiofil) identically equal to unity; but
neutral component dominate the projectile flux to be anathis is not always the best solution. The ion detection effi-
lyzed, the ion fraction is given by ciency may drop dramatically with decreasing impact en-
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ergy, and, if the ion fraction is small, this means long acqui- Field-free region Floatable drift tube
sition times to get sufficiently good statistics. As will be l L
shown, implementation of a floatable drift tube permits direct
measurement of this ratio and allows the detector face to be
kept at nonzero potential in order to ensure high ion detec- A o
tion efficiency. Analysis of the ion TOF spectra recorded for A\ b
different tube voltages also makes possible extraction of & = g

b

more detailed information about the relative ion detection Y

efficiencyD (E,) itself as a function of ion detection energy,

which can be useful for many applications.
Compared with other techniques used for ion fraction | ~ | 77—

measurements, this method does not require the long acqui

sition times, needed, e.g., when the ion fraction is obtainedSample plane Detector

by subtracting the neutral spectra from correspor_ldlng _SpeCtrl—é}G. 1. Geometrical diagram of the linear TOF analyzer with a floatable

of neutrals and ion%? and has the advantage of simplicity of grift tube, consisting of two field-free sections of lengthndL with poten-

design(no moving parts, a single conventional detector in-tial differenceU between them. Aperturé is the smallest angular accep-

stead of the more complicated position sensitive deteétors, tance aperture of the apparatus.

or multidetector systemi$ required when neutrals and ions

are separated by passage through a region of transverse elec-

trostatic field. Information about energy distributions and trals). The relative collection efficiency, defined now as the

scattered ion Charge fractions gained by any of the abov@tio of the number of ions and equivalent neutrals from a

means often provides important clues for understanding thBoint source that strikes the detector, is given by

physical mechanisms involved in the interaction being stud-

ied.
L _FEQU s 1+ko ? ,
Il. MAIN FEATURES OF LINEAR TOF HOTFED s \kgrnirio] P

MEASUREMENTS WITH A FLOATABLE DRIFT TUBE

The geometry of a linear TOF analyzer with a floatable
drift tube is shown in Fig. 1. For the sake of simplicity the whereS, andS; are the areas of circlésandc, respectively.
regions of nonzero electric fieldinear acceleration regions Considering now trajectories originating at some dis-
between sections and in front of the deteftare ignored. tanceY from the apparatus axié.e., assuming an extended
Considering a beam of particles with masschargeq, and  source, it may be seen from Fig. 1 that not all trajectories
energyE traveling close to the apparatus axig, <1) the  terminating on the detector surface in fact pass through the
flight time in such a system is given by aperture of the TOF systerA, Note that since all angles are

m | L small, the radius of circlel to first approximation does not
T= \[Ex —_t ], (2) depend onY and is given byro=rXlq/l, wherely is the
E  V(E+[qU|) position of aperturé\. Sincer, dependgthroughr) also on

where acceleration voltadé is applied to the drift tubéthe ~ reduced energy, the viewing region of the TOF system is

deceleration mode is less common since in that case the id#efined not only by its geometry but also byThe fraction

peaks are typically broader and sit on top of the neutral. tail ©f particlesg(Y)which are actually detected is defined by the
Two features of the analyzer are highlighted. First, dueoverlap of circled with apertureA. After adopting the fol-

to the finite size of the detector, the collection efficiency!owing variable and parameter definitiofeee Fig. 1,

depends obviously on the particle charge state. As can be

seen from Fig. 1, assuming a point source on the TOF axis,

only those neutrals whose trajectories are enclosed in dircle " K.k

can be detected, while for ions the corresponding ciigles p= 0 :1—21

larger. Using the equalitR= v, T, the perpendicular veloc- ra kot+1/y1+(1/e)

ity v, for the particle’s extreme trajectory reaching the de-

tector at radiudR (see Fig. 1 can be determined; the radius

of the corresponding circle in the plane separating the zero

and nonzero drift tube voltage regions is given by _ ﬂz Y1ltko—k; Y

X= — Y )
R Rk, ra ra 1+kq la
r=v t=—t= , (3
T kot+[1W1+(1e)]
wheret=1//(2E/m) is the particle flight time in the field- with k;=R/r,, k,=I¢/L as two additional dimensionless
free region,ky=1/L is one of the analyzer parameters andapparatus parameters, a straightforward derivation, omitted
e=|E/qU| is the particle reduced energy €0 for neu- here, shows that the fractiag(y) is given by

Downloaded 28 Oct 2005 to 160.36.192.163. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 70, No. 12, December 1999

lon fraction measurements 4517

(1, x<1l-p
0; x>1-p
gy)=¢ . 1 {1—p2—x2) 1 {1—p2+x2 VPP = (x— 1)Z][(x+ 1)?—p?] (5a)
1- —{ arcco —— | arcco -
m 2px p? 2x 2
L 1-psxs1l+p,
for the case ofy=<r,(p<1) and
(1, x<p-—1,
0, x>p-—1,
giy)=¢ 1], 1 {pz—l—%) , %p2+x2—1> V1= (x—p) 2 (x+p)?—1] (5b)
— 4 1——| arcco$ —— | —p*“ arcco - ,
p? w 2X 2px 2
L pP—1sxsp+1.

for the case of y>r,(p>1).

gether with resultd ;,, (shown by symbols for one of the

As an illustration several “viewing region” curves for assumed beam profilesf a simulation that takes into ac-
our particular appargtus are ShOWH in Fig. 2 Th(_? total numcount flight times in all regions of the apparatus., with all
ber of detected particles of given energy is defined by théonzero electric field regions includedAs can be seen,

integral n(e) =N(E) [s(y)g(y,e)dy, whereN(E) and s(y)

good agreementhe relative error is less than 5% found

are the beam energy distribution and beam intensity profilegyer the whole range of reduced energies.

respectively. The results of numerical integration of this ex-

Turning now to the second feature of TOF measure-

pression assuming several Gaussian-shaped beam profilesraénts with a floatable drift tube, it can be shown by taking
different widths,w, are shown in Fig. 3. As can be seen, the derivative of expressiofl) that the simple relation be-

when taking into account finite beam si@@ee., assuming an

tween relative energy and time of flight errotSE/E

extended sourgethe effective ion transmission of the appa- =2At/t, valid for standard linear TOF systems, has to be
ratus is reduced beyond critical values of the inverse reducegplaced by

energy that depend on the beam widthThe relative col-

Igction efficiency, expressiof#), therefore has to be modi- AE _ EXS(kO,e),
fied to E t
Is(y)g(y,1lle)dy where

fed €)=1fpd €)X (6)

Is(y)g(y,0dy °

The dependence of point-source and extended-source S(Ko.€)=
relative collection efficiencies on reduced particle energy is

shown in Fig. 4 as lines for two different beam profiles to-

0.8
— 1 /e =0 (neutrals)
- 1=
~ 064 _____ 1/ 2
Teo el 1/e =20
> ARSI, =
S 044 1/e =200
0.2 1 N
00— o T '~T\‘-' 1
0.0 0.5 1.0 1.5 2.0 2.5

Reduced Displacement y = Y/r,

FIG. 2. Viewing region curveg(y,e 1) for the linear TOF apparatus with

a floatable drift tube and with a particular set of dimensionless parameterss™ 1= |qU/E|

ko=0.15; k;=4.2; k,=0.068[see the text and expressi¢s) for defini-
tions; e 1=|qU/E| is the inverse reduced eneflgy

2

)

1—1/[(1+ €)(1+koV1+(Le)]

n(e”) / N(E)

0.4 T T " T
80

Inverse Reduced Energy e’

FIG. 3. Ratio of the number of detected partict€e) to the total number of
particlesN(E) of given energ)E entering the analyzer whose viewing region
curves are presented in Fig. 2 as a function of the inverse reduced energy
for several Gaussian-shaped beam profiley)

= (V2Imiw)exd — 2(y/w)?] (width, w, is in units ofr,, the radius of the
smallest angular acceptance aperture of the apparatus
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FIG. 4. Uncorrectedexpressior(4), dashed lingand correctedlexpression 'iIGA'E?'E l/?itic/’ of thef rela_ltive fen((ajrgy c;o time-of-él/ight ?rroﬁfﬁ'k(ﬁ)

(6), solid lines for two different Gaussian-shape beam prdfilelstive col- = ( )/(At/t) as a function of reduce energ_yt| qu for different

lection efficiencies for the linear TOF apparatus with a floatable drift tubeValues of the apparatus paramekgr1/L [expressior(7)].

(dimensionless parameteks=0.15; k;=4.2; k,=0.068) as a function of

the inverse reduced energy 1=|qU/E| The simulation results for one of translated immediately in front of the target. Typical spot

the assumed beam profilew£0.46) and two different tube voltages are . . .

also shown by symbolE(C]) U=2900 V: (O) U=800 V]. sizes were measured to be 2—3 mm full width at half maxi-
mum (FWHM). In the present configuration the TOF system

is oriented 120° with respect to the incident beam. The gold

rtarget used in the present experiment was preparsiu by

. 7 , - . r¥apeated cycles of Arsputtering and subsequent annealing

lllustrated in Fig. 5. This places an add|t|ona}l constraint Oor several minutes at about 450 °C. The target is attached to

the accuracy of the TOF measurements, since an error if sample mount positioned on ary—z manipulator, per-

flight time will now result not only in an incorrect value for r?itting rotation about an axis perpendicular to the incident

the particle energy, .bUt may have .an'lmpact on the shape Peam. The pressure in the scattering chamber was less than
the energy distribution as well. It is important to note a|303><10’10 mbar

that peak width comparison$or example, of binary colli- To permit TOF analysis, a beam chopping system was
sion peaks for neutrals and ions in large-angle scattering X ot '

: % h o b q ith . . th alled about 2 m upstream of the 90° deflector and is
periments have 1o be made with caution, since the Samecapable of producing ion pulses as short as 15-30 ns in
intrinsic experimental flight time uncertaintit, arising

from finite beam size and impact time distribution, will result
after the TOF-to-energy transformation in different peak == ,— * /D —1

Expression(7) depends now explicitly on the reduced energy

broadeningsAE, which depend on the mean peak reduced =—%= +— ToECR ionsource
g P P e S

energye [see expressiofi)].

IIl. EXPERIMENTAL APPROACH

A linear TOF system 75 cm long with a floatable drift
tube (k,=0.148; k;=4.2; k,=0.068) and a dual micro-
channel plate detector are implemented in the recently devel
oped apparatugFig. 6) for low energy multicharged ion—
surface interaction studies at the Oak Ridge National
Laboratory (ORNL) Multicharged lon Research Facility.
Since the focus of this article is on TOF measurements per-
formed using this apparatus, only a brief description of the
entire setup is presented here. Additional details about the
apparatus can be found in another publicatibons are
extracted from an electron cyclotron resonatE€R) ion _ _ _
source at 10 kV extraction voltage and decelerated to th IG. 6. Sche_matlc of the expenm_ental apparatus and TOF electronl_cs:
desired . fl . ltrahiah —90° spherical sector electrostatic deflector; 2—6-element deceleration
) esired energy In a floating Utr.a 'g. VaCU(MHIV) scatter- zoom lens; 3—180° spherical sector electron spectrometer; 4—straight
ing chamber. Beam deceleration is accomplished by a Si¥irough Faraday cup; 5—sample; 6—electron impact ionizer; 7—biasable
element zoom lens whose 2 mm diam exit aperture is locatedfift tube of the TOF analyzer; 8—beam chopping plates; 9—high voltage
2.5 cm upstream of the target at the center of the chambeff!V) isolation to 15 kv; 10—dual microchannel plate detector; 11—fast

. ... _amplifier; 12—constant fraction discriminator; 13—time-to-amplitude con-
The beam spot on target can be determm_ed by monitoringerter; 14—analog-to-digital converter; 15—computer; 16—low-amplitude
the current transmitted through a narrow slit on a beam stofunction generator; 17—pulsed power supply.
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FIG. 7. TOF spectra acquired at three different drift tube voltages for the ] L% Ny
case of 590 eV & projectiles incident on A{L10) 50° relative to the § o1 p
surface normal. Inset: Expanded region of the spectra at short flight times & 1500 ] § A
showing the secondary electron TOF peaks together with simulation results ~ § 18 /'
(shown by symbols Thick lines(squares U=2900 V; thin line(circles; 8 8 7/
U=1500 V; dashed lingtriangles: U=800 V. 3 1000 2V
N { 2% 50 2000
g lon Detection Energy E,,
ey g e
width by periodically sweeping a beam of ions across a small £ 500+
aperture. The theory on obtaining such a short burst of ions
from an ion beam is well develop¥dand the technique is i i
. . . T T T T T T o I
widely used®*® The scattered particle signal from the detec- 100 200 300 400 500 600

tor is used to trigger the time measuring cycle, while a sync Scattered lon Energy E, eV

pulse from the chopper stops the measurement. By accumu-

lating a large number of such cycles, a TOF spectrum i&1G. 8. () Results of TOF-to-energy transformations for the negative ion

components of the spectra shown in Fig. 7 after correction&@faollection

produced. In a.‘” the measurements presentgd below, the dgﬁiciency only and(b) detection efficiency as welk(J) U=2900 V; (O)

tection rates did not exceed several kHz. This was much less1500 v:(A) U=800 V. Inset(a) Ratios between curves 3 and() and

than the typical chopper repetition rate50 kHz) chosen to  curves 2 and 1(®) shown together with results of the best fines) cal-

accommodate a maximum ﬂight time of 265, so no dead culated using express@o(rﬁ)_ with paramete_rs_azz. b:165_30, c:0.009_5.

time correction%? were needed for the TOF spectra acquired const=1. Inset(b) Relative ion detection eﬁ|_0|en({‘gxpre55|0r_(8)], used in
. ; . 1 ‘TOF-to-energy transformations, as a function of ion detection ertegdpr

The obvious drawback of such a technique is the impoSthe parameters given.
sibility of direct determination of the impact timee., time

zero. This is typically not a problem in small-angle scatter- | hormits calibration of time periods from 10 ns to 86 and

ing experiments where detection of a part of the direct beam 55 an absolute accuraeyl0 ps for a 10 ns period.
provides the necessary reference for energy loss analysis, but

this is evidently not an option in a large angle scattering

geometry. Several other techniques can be used to determihé RESULTS AND DISCUSSION

time zero in the TOF SpeCtrUm. The most direct method is Selected data for the case of Scatterirﬂg @ns from a
detection of photons produced in the interaction by the sam@(110) single crystal surface are presented here to illustrate
TOF detector. This provides immediate information aboutthe type of information which can be gained using a TOF
the impact time distribution, but is usually possible only in analyzer with a floatable drift tube. The measurements were
the case of multiply charged ion impact on surfaces whergerformed for incidence angles spanning the range of 0°~50°
the photon number and energy generated are sufficient t@elative to the surface normjand at a “random” azimuth
overcome the usually low photon detection efficiency ofdirection, with the drift tube biased positively to analyze
commonly used microchannel plate detectors. Anothepegative ion and neutral fractions. The ORIGIN 5.0 software
method is secondary electron detectiomhere possible  package and in-house developed computer codes for TOF
which is more efficient but requires additional information spectrum simulations and TOF-to-energy transformations
about the electron energy distribution for accurate determiwere used for data analysis.

nation of time zero. Alternatively, an auxiliary detecteuch
as an electron spectrometer in our gasan be used to detect
photons or electrons produced during the interactiba dif- Figure 7 shows TOF spectra acquired at three different
ference in internal time delays of the detection channels hagrift tube voltages for a case of 590 e\t Oprojectiles inci-

to be taken into account in this cas€&inally, an important dent on A§110 at 50° relative to the surface normal. Ex-
issue for TOF measurements is an accurate time calibratiopanded regions of the spectra at short flight times that show
An ORTEC 462 time calibrator was used in the present casehe secondary electron peaks are presented in the inset. A

A. Relative ion detection efficiency
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FIG. 10. Results of TOF-to-energy transformations of the spectra shown in
Fig. 9 for 0°[(A) for neutrals,(A) for ions] and 50°(squarey incidence
angleg(relative to the surface normalCurves are normalized to the maxima
of the binary collision peaks. Fit of the neutral binary collision peak with
two Gaussian distributions for 0° incident angle is also shown as solid lines.
low negative voltagejz —4.2 V was applied to one of the Inset: With; of the Gaussian fits _to the neu'(l@l) gnd negative ion®)
grids in front of the drift tube to prevent very slow electrons binary collision peaks over the entire range of incidence angles.
from broadening the peak. All detector voltages were kept
constant in relation to the drift tube voltage to ensure the Figure 8a shows the results of the TOF-to-energy
same detection condition@.e., the same electric fields in transformation for the negative ion components of the spec-
front of the detector and inside the microchannels which detra after correction for collection efficiendpee expression
fine secondary electron trajectories and affect the detectdf) and Fig. 4. Figure 8 illustrates the effect of tube voltage
output signal. The potential difference applied between theon ion detection efficiency, as well as the procedure used for
first microchannel plate and the drift tube exit grid was keptmaking the required correction. To that end, in the inset of
negative A V= —200 V), mainly to prevent detection of sec- Fig. 8a) ratios between measured scattered ion energy dis-
ondary electrons produced in the drift tube by particle colli-tributions acquired at different tube voltages are shown.
sions with the tube walls. These ratios correspond precisely in form to those required
Both the negative ion and neutral parts of the spectran expression1),
consist of comparatively sharp peaks very close in position , ,
to that expected for binary collisions between the incident g g/ y yr)= D[E'+[q(U'—AV)[] _ D(E+|qU])
projectiles and isolated Au atoms, and long straggling tails D[E'+|q(U"—AV)|] D(E)
resulting from multlple coII_|S|ons. A S|_gn|f|c§mt drop in the.whereE=E’+|q(U”—AV)| andU=U"—U"
number of detected ions with decreasing drift tube voltage is . ! . .
) i . As described in Sec. I, by making auxiliary measure-
clearly discernible. The time zero reference needed for the . P : :
) . " fments at scattered ion ener§y with two appropriate drift
TOF-to-energy transformation was obtained by fitting the . : R )
. . . ; tube voltages, the ratio of detection efficiencies required for
measured electron TOF peaks with a simulation that incor: : . . .
. . . ion fraction estimates is determined. Even though not re-
porated finite beam size and start-time spread and that was . . . S :
Guired for ion fraction determinationser se the functional
based on a secondary electron energy spectnohshown : .
. . . . form of D(E,) (i.e., the dependence on detection engrgy
acquired with the electron spectrometer. The simulation re- L . . .
: . can be deduced as well, which is of interest in other appli-
sults are shown in the inset by symbols. It can be seen from

the inset that the electron TOF peak is practically gone at th%aalzg):zt E(r)%r;]tz;gtsgigtlt%?egfi;n I:Lge%;i 3\; trr? ((ajﬁ'fs;;er:?ents
lowest tube voltage applied. This can be attributed to th

influence of the residualEarth’s magnetic field(note that %duebeeng?geeséftr&itgltz\;wggiCailgr?(l;y“%il ];8rr-,m dg;i(;ircl)?:ngng}e
the detection efficiency for 600 eV electrons is comparabl P Y 9y
trons due to the energy dependence of the electron-induced

vides an estimate of the transverse field strength@fL G,  with parameters, b, andc determined by a manual fitting

or might even be higher than that for 1.3 and 2.7 keV elec?Ed:EJr|Q(U_AV)| was deduced:
b
Eq—a
secondary electron emissijorA simulation of the depen- D(Eq)=cons ( £
dence of the peak amplitude on the drift tube voltage pro- d
which is sufficiently low to not significantly affect the ion procedure. The quality of the fit was checked by a least
trajectories. squares comparison of calculated vald¢g,U; ,U;), where

FIG. 9. Backscattered projectile TOF spectra for 1.4 kéV @ns incident
on Au(110 over a range of angles.

+cl, (8
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a) the inset of Fig. 10 the corresponding widths for all four
0.15- measured incident angles are presented; they were obtained
1 by fitting the peaks with two Gaussian distributions using the
ORIGIN nonlinear fitting tool, and are shown in Fig. 10 by
solid lines. The width difference between neutrals and ions
cannot be ascribed to any apparatus effect. Any systematic
errors will result in a flight time uncertainty which in turn
causes energy distribution peak broadening. According to
expression7) this broadening can be different for ions and
neutralg since corresponding slopes for dependehE¢At)
are different, but, if the neutral peak width remains the
same, the ion peak width should exhibit the same tendency.
—— S e . The width differences might alternatively be attributable to
600 700 800 900 1000 1100 differences in trajectories leading to neutral atom or negative
Scattered Projectile Energy E, eV ion formation. The binary collision approximation is cer-
tainly an idealization of the real interaction, which might be
0.2 1 b) sufficient to describe elastic energy losses, but may fail in the
s 0 =50 presence of inelastic loss. We defer in the present article
o © 285 fu_rther discussion of the issue_ of_ differin_g binary peak
widths, and present below negative ion fractions only for the
& e =20 straggling tails of the distributions resulting from multiple
v =0 collisions. In addition to avoiding the elastic peaks, focus on
the straggling tails assures that charge equilibration has oc-
curred prior to negative ion formation on the exit trajectory.
Y In addition, the negative ion fraction in this case is given
Iog(N. /(N+N, )) = - 0.56 - 0.38x10°/v,,, v sjmply by expresgionjl), since .for oxygen projectiles posi-
T tive ions can survive only in binary collisiors.
0.02 l T T ' Figure 11 shows the negative ion fraction as a function
1.0 1.5 2.0 2.5 : . . .
y p of scattered particle energy and inverse vertical velocity. As
(v,,) " . 10°ms can be seen in the lower plot of Fig. 11, the negative ion
o ) ) ~ fraction coalesces, within experimental errors, into a single
E.'G' 11. Negative ion fractiorfobtained from the TOF spectra shown in /e \vhen plotted as function of inverse vertical velocity
ig. 9 as a function of th€a) scattered projectile energy arb) inverse . . . .
vertical velocity. The lines are linear fits to the data. that decreases quite steeply with increasingL1/ The
former feature suggests that the determinant parameter of
negative ion formation for our geometry and conditions is
the time the scattered projectile spends near the surface on its
exit trajectory. Such behavior has been previously observed

0.10

0.054

Negative lon Fraction

0.00

0.1+

Negative lon Fraction

U; and U; are different drift tube voltages, with the mea-
sured ratios shown in the inset of FigaB(the result of the
final fit is shown by lines Since in the present instance the ; . . i
measurements were not normalized to the absolute particf%y van Wunniket al.'* w_ho |nvest|gate_d H formation dur-
flux entering the analyzer, only the energy dependence couldd Ia_rge-angle scattering frpm cesiated W surfaces._ van
be found from our experimenise., the const in expression Wunnik et al. found Fhat’ while a strong parallel yeloglty
(8) was arbitrarily set equal to unityFigure 8b) shows the dependence was evident .for Cs coverages resulting in the
results of TOF-to-energy transformations taking into accoun[O\,NeSt. syrface work functiongclosest in resonance to the
the thus deduced ion detection efficiency which is repro-_H affinity level), for lower Cs coverages and_correspond—
duced in the inset of Fig.(B). ingly larger surface wqu functions, the domllnant depen-
dence below the H maximum was on perpendicular veloc-
ity. Further measurements are planned to determine if the
B. lon fraction measurements observed behavior is typical of the negative ion formation in

Figure 9 shows TOF spectra for the case of 1.4 kv O Other species as well.
projectiles incident on A@10 over a range of angles and
Fig. 10 presents the results of TOF-to-energy transforma-
tions for 0°(open triangles for neutrals and closed trianglesp ck NOWLEDGMENTS
for iong) and 50°(squarep incident angleqrelative to the
surface normal As can be seen in Fig. 10, the widths of the This research was sponsored in part by the Office of
neutral binary collision peaks remain practically the samd-usion Sciences, and by the Office of Basic Energy Sciences
(the difference being in the broadening on the high energyf the U.S. Department of Energy under Contract No. DE-
sides of the peaks that can be attributed to double scatterif§C05-960R22464 with Lockheed Martin Energy Research
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