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Experimental determination of a species-dependent effect in the transverse emittances
of sputter-generated negative-ion beams
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We report experimental evidence of a previously unseen species-dependent effect in the transverse
emittances of momentum-analyzed 'Si, "Ni, and ' Au negative-ion beams generated by
cesium-ion sputtering. The differences in the emittances are found to be principally correlated with

differences in the energy spreads in the respective ion beams, which have their origins in the
sputter-ejection negative-ion formation process. The experimental equipment and techniques uti-

lized for emittance data acquisition and analysis, and evidence for a species-dependent effect in the
emittances and brightnesses of the subject ion beams, are presented in this paper.

I. INTRODUCTION

In recent years, the sputter process, in combination
with the work-function-lowering aspects of group IA ele-
ments, has been utilized as a versatile, relatively efficient,
and practical means of producing negative ions. This
technique is widely utilized for producing a variety of
atomic and molecular negative-ion beams for use in
accelerator-based atomic, nuclear, and applied research
programs, as well as the important analytical fields of
secondary-ion mass spectrometry (SIMS) and tandem
mass spectroscopy (TMS). Several negative-ion sources
predicated on this principle have been described in the
literature. '

Although progress has been made towards a better un-
derstanding of the negative-ion generation process, the
precise mechanism is still the subject of varying
opinions. Blaise and Nourtier and Williams' have
reviewed the subject of ion emission from clean metal and
chemically complex surfaces, respectively, while a more
general review has been given by Wittmaack. " Vasile'
has included discussions of the principal models that
have been proposed for description of these phenomena.
The reader is referred to these articles and others in the
literature for more detailed expositions on the subject.

The key physics question associated with all of the pro-
posed theoretical models is the role that the velocity
dependence plays in the secondary-ion formation process.
In models based upon local thermodynamic equilibrium
in the region of primary ion impact with the surface,
secondary-ion emission depends weakly on ion emission
velocity. ' On the other hand, models that involve atom-
ic excitation followed by electron capture or loss by the
atom or molecule as it leaves the surface predict a much
stronger velocity dependence for secondary-ion emis-
sion.

Time-dependent perturbation quantum-mechanical
treatments of the problem have been made by Blandin,
Nourtier, and Hone and N&rskov and Lundqvist, which
describe the electron attachment or loss probabilities as
the atom moves across the surface boundary. N5rskov

and Lundqvist used this theoretical basis to arrive at ex-
pressions for the probabilities for positive and negative-
ion emission, P (Ut) and P (Ut). Experimental evi-
dence in support of a velocity-dependent mechanism has
been presented by Vasile for positive-ion formation' and
by Yu for negative-ion formation. ' In this paper, we are
only interested in P (U~).

In an earlier work, Yu established a direct correlation
between the value of the work function during cesium ad-
sorption and the yield of Mo produced by Ne+ sputter-
ing of clean Mo surfaces. The secondary negative-ion
emission probabilities were observed to increase rapidly
with decreasing surface work function and to reach maxi-
ma whenever the work function reached its minimum
value. These results strongly support a surface ionization
mechanism for secondary negative-ion formation.

The probabilities for negative-ion formation in the
Ndrskov and Lundqvist prescription can be cast into a
simple energy-dependent form given by

P (Eq, 0)

=—exp I P+M2 [ttt( o )
—E„+V, ]/+2—E2cosOI,—2

where Mz is the mass of the ion of energy E2 with elec-
tron affinity E&, V; is the image potential induced in the
surface by the escaping ion, 8 is the polar angle with
respect to the surface normal, and P is a constant. The
work function P depends on the relative adsorbate sur-
face coverage o . Equation (l), in fact, must be integrated
over a properly normalized sputtered particle energy-
angular distribution function f(E2, 8) to determine the
total probability for negative-ion formation. Of specific
interest are the negative-ion yields or ion currents achiev-
able in ion sources predicated on this principle. If we ig-
nore destructive effects due to high positive-ion current
densities and interference to sputtering by adsorbate
atoms at high surface coverages, we can express the ion
current I as follows:
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=4/+(E) )g(E), 8, )f ' f f(E2, 8}expt —p(/M2[p(rr ) —E„+V, ]/+2E2cos8jsin8d8 dE2
V, p

(2)

f(E2,8)= A~ , cos8,
(E~+Eb )

(3)

where Eb is the surface binding energy of the particle in
the solid, E2 the energy of the ejected particle, and Az is
a normalization constant determined by requiring the in-
tegral of Eq. (3) over all energy and angles be equal to
unity. Energy distributions of a few sputter-generated
negative-ion beams produced by cesium-ion sputtering
have been reported by Doucas. '

Assuming the appropriateness of Eqs. (2) and (3) for
the description of the secondary-ionization process, we
can readily see the importance that the energy Ez plays
in determining the probability for negative-ion formation
and, consequently, the total negative-ion yield from ion
sources predicted on this principle. Since the image po-
tential V, is of the order of 1.5 V, the particle ejection en-

ergy E2 must be equal to or greater than this value. It is
known from experimental measurements that the full
width half maxima (FWHM's) of negative-ion' and neu-
tral' ' sputtered particle energy distributions vary from
element to element. Observed differences in energy
spreads would exhibit themselves as differences in the
emittances of the respective ion beams brought about by
chromatic aberration of the beam by lenses, and disper-
sive devices (magnets) in transit to the emittance mea-
surement apparatus. Thus, based on these arguments,
the emittances of ion beams of different species should
reQect a species-dependent effect. However, no such
effect has been reported.

During previous investigations, ' ' attempts were
made to delineate intensity and species-dependent effects
from the emittances of ion beams extracted from a num-
ber of negative-ion sources based on the sputter principle,
including the ellipsoidal geometry ionizer source used
in the present investigations. From these data, a
moderate intensity-dependent effect was observed, which
was subsequently attributed to changes in the positive-ion
beam size at impact with the surface due to optical effects
associated with changes in the probe voltages used to in-

In Eq. (2},I is the positive-ion current and S(E, , 8;) is
the sputter ratio of the target at projectile energy E, at
an angle of incidence with respect to the surface normal
8;. In Eq. (2), the limits of integration over E2 are taken
between V; and E' where E' is the maximum energy
transfer possible in the first collision between a projectile
of energy E, and mass M, and an atom in the solid of
mass M2. In this case, E' is given by the relation

E'=4MiM2Ei/(Mi+M2)

Hence, the energy distributions of negative neutral parti-
cles depend on the energy E& and mass M& of the projec-
tile. Experimental measurements of the energy distribu-
tions of neutral sputter particles' are in support of the
Sigmund-Thompson distribution' ' given by

crease the beam intensity and not to space-charge effects
within the negative-ion beams.

From these earlier investigations, ' it was also noted
that the emittances of Si negative-ion beams were con-
sistently 15—20% lower than ion beams such as Ni and
Au . This finding was more pronounced for ionizer
geometries which sharply focused the cesium-ion beam
onto the sample surface. However, this effect was not
clearly delineated in these early experiments. This obser-
vation prompted us in the present effort to look more
carefully for the effect with the ellipsoidal geometry
source, which focuses the cesium-ion beam to a well-
defined region of the sample surface.

II. DEFINITIONS

A. Liouville's theorem

Liouville's theorem states that the motion of a group of
particles under the action of conservative force fields is
such that the local number density in the six-dimensional
phase-space volume (hypervolume) xyzp„p p, everywhere
remains constant. The theorem applies to an ion beam
subjected to conservative force fields. The quality of an
ion beam is usually expressed in terms of emittance e and
brightness B. Both are related to Liouville's theorem.

B. Emittance

For ion beam transport, the components of phase space
transverse to the direction of beam motion are usually the
most important. If the transverse components of motion
of a group of particles are independent in configuration
space, the motion of the particles in the orthogonal
planes (x,p„),(y,p ), and (z,p, ) will be uncoupled and,
therefore, the phase spaces associated with each of these
planes will be separately conserved. These conserved
areas of phase space in the respective directions of
motion are referred to the emittance e of the ion beam.

The conserved components of transverse phase space
are taken to be elliptical in shape, the areas of which are
given by

=exp, A =~yp (4)

For the case where the component of momentum along
the z direction of the beam p, is approximately constant

A„=exp, tan8„,=vrxMztan8„, Pyc,
=gyp, =nyM2tan8, Pyc,

where P=u/c and y= 1/[1 —(u/c) ]' . In expressions
(5), M2 is the mass of the particle of velocity u, c is the ve-
locity of light, and 8 „0„,are the angles that the trans-
verse components of the particle's motion make with the
component of motion along the z axis. In the small-angle
approximation,
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and

dx
tanO„,=0,=

Z
(6)

where

&n
=

&nx&ny . (15)

tanO, =0,= =y'

so that

A„=vrxx'MzPyc and A =nyy'M2Py, .

For the nonrelativistic case,

A„=nxx '+2M2E and A =m yy'+2M &E, (9)

and (10)

f f dydy ~E

or

and

where the integrations are performed over the emittance
contour that contains a specified fraction of the beam
(e.g. , 10%, 20%, etc.). In this study Eq. (10) was utilized
as our definition for emittance.

C. Brightness

Another figure of merit often used for evaluating ion
beams is the brightness B. Brightness is defined in terms
of the ion current dI per unit area dS per unit solid an-
gle dQ or

dI
dS dQ

(12}

In terms of normalized brightness, Eq. (12) can be shown
to be equivalent to '

where E is the energy of the ion beam. The emittance e
of the ion beams is proportional to the transverse phase
space and thus is also a conserved quantity. The follow-
ing energy E and velocity v dependent definitions have
been adopted historically for the definitions of normal-
ized emittance e«and E'ny.

f f dx dx ~E
7T

III. EXPERIMENTAL EQUIPMENT, DATA ANALYSIS,
AND EXPERIMENTAL PROCEDURES

A. Source description

The source utilized in these experiments is equipped
with a solid tungsten ellipsoidal geometry ionizer for pro-
ducing positive cesium-ion beams, which, in turn, are
used to sputter a negatively biased probe containing the
material of interest. A more detailed description of this
source, along with the emittances of ion beams extracted
from the source, has been given previously. ' In such
sources, the material of interest is mounted on a negative-
ly biased probe that is typically maintained at potentials
of 1-5 kV with respect to the housing in a controlled va-
por Aux of a group IA element, usually cesium. Cesium
is most commonly used because it has the lowest first ion-
ization potential of the group IA elements (3.89 eV): as
an adsorbate, cesium also effects the greatest changes in
work function and thus is the most effective of the
group IA elements in forming negative ions through sur-
face ionization processes. Ions, ionized by direct surface
ionization from a hot surface or by electron impact plas-
ma discharge ionization, are accelerated to the negatively
biased probe where they sputter the sample of interest.
Negative ions are then formed by secondary surface ion-
ization processes and extracted from the source. The
source used in these experiments is shown schematically
in Fig. 1. Cesium-ion trajectories resulting from comput-
er simulation studies are superimposed to illustrate the
strong focusing characteristics of this source geometry.
The size and shape of the observed wear patterns for
these sources, as well as those computationally predicted,
are sensitive to sample position because of the strongly
convergent nature of the cesium-ion beam. For standard
source operation, the sample is always placed at the focal
point of the positive cesium-ion beam; the positive-ion
current density distribution on the sample surface deter-
mines the region of negative-ion generation, which, in
conjunction with the aperture size, the aperture distance
from the sample surface, and characteristics of the
sputter process, essentially determines the emittances of
extracted ion beams. The negative-ion extraction aper-
ture (4.5-mm diameter) limits the negative-ion beam to a
half angle of 5.8 at the exit. Initially, all negative-ion
beams leave the source with the same maximum angular
divergence, irrespective of ion species.

B. The ion source test facility

2dI~B„=
Enx any

For purposes of convenience, we define brightness as

2dI
n

En

(13)

(14}

Emittance measurements of the ion beams extracted
from the ellipsoidal geometry ionizer source were made
by use of the equipment and procedures described in this
section. The source and einzel lens were mounted on an
ion source test facility, shown schematically in Fig. 2.
With this facility, negative-ion beams with energies up to
30 keV may be produced. However, 20 keV was typical
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FIG. 1. Schematic drawing of the ellipsoidal geometry ionizer negative-ion source showing computer simulated cesium-ion trajec-
tories in the ionizer-sputter probe region of the source.
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of these present measurements. In addition to the ion
source and beam transport lens, the facility consists of a
double-focusing magnet, the emittance measuring device,
beam line component valves, turbomolecular pumping
stations, and auxiliary power supplies required for system
operation. Negative-ion beams are extracted from the
source at an energy of 3 keV, postaccelerated to a final

energy of 20 keV, and focused by means of the einzel lens
onto the object plane of the magnet. Ions of the desired
mass are then deflected through 90' and focused at the
image position of the system. The intensity of the
negative-ion beam can be monitored prior to and follow-
ing momentum analysis by insertion of remotely actuat-
able Faraday cups; the Faraday cups are located immedi-
ately behind variable slit-type apertures, which are posi-
tioned at the object and image planes of the momentum
analysis system. With the Faraday cups removed, the
beam passes onto the slit detector unit of the emittance
measurement device where determinations are made of
the emittance of a particular ion beam.
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C. The emittance measuring apparatus
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FIG. 2. Schematic drawing of the ion source test facility.

The emittance measurement device has been described
in detail previously' ' ' and, therefore, only a brief
reiteration will be given here. The device consists of a
vacuum housing, two identical stepping motor driven
detector units for determining the emittances of an ion
beam in either the x or y direction, and a control unit for
driving the detector hardware. The control unit consists
of a microcomputer that is interfaced to a CAMAC crate
controller, an input-output register, a stepping motor
controller, and a 12-bit analog-to-digital converter
(ADC). The CAMAC crate control modules communi-
cate with the emittance measurement hardware via an
external electronics unit.

The ion beam diagnostic unit consists of an electrically
isolated slit aperture (width: 0.1 mm, length: 50 mm),
positioned 0.4 m in front of a detector unit (angular reso-
lution: 1 mrad) that is made up of 32 electrically isolated
plates. The current striking each of the detectors is used
to determine the differential angular divergence of the ion
beamlet which is allowed to pass through the slit aperture
at a given x or y position. An emittance measurement
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consists of stepping the slit detector system through an
ion beam in a chosen direction while monitoring the total
ion current striking the slit unit and the differential ion
currents striking each of the 32 detectors at each of 50
positions during a selectable integration time period. The
signals are integrated, digitized, and stored in memory of
the microcomputer for later data analysis.

D. Data analysis

Equi-intensity contour levels which contain 10—80%
of the total beam are calculated iteratively in increments
of 10% to an accuracy of 0.1% and are determined by
performing a Simpson's rule volume integration over the
xx' or yy' versus intensity data set. The contour level in-
forination is then passed to a topographical graphics pro-
gram that produces contour plots from the data. The
area within a particular contour is the emittance for this
particular beam fraction.

IV. EXPERIMENTAL PROCEDURES

Throughout the course of the investigations, the ion
source operational parameters of cesium oven tempera-
ture (196'C), sputter probe voltage with respect to hous-
ing (

—3 kV), ion extraction voltage ( —20 kV), and sam-

ple position with respect to the cesium surface ionizer
were maintained at precisely the same settings for each of
the samples. Prior to emittance data accumulation, the
ion beams were allowed to stabilize, typically, for a few
hours. Negative-ion beams formed by 3-keV cesium-ion
beam bombardment of the samples were extracted from
the source, further accelerated to a final energy of 20
keV, and subsequently transported through the ion
source test facility discussed previously. The einzel lens
was used to focus the ion beams onto the object point of
the double-focusing magnet. Beam intensities were moni-
tored prior to and following momentum analysis to as-
sure source alignment and total beam transport to the
emittance-measuring device. Emittance measurements
were then made utilizing the hardware procedures and
data analysis techniques described previously.

V. CONTRIBUTIONS TO EMITTANCE GROWTH

Active ion optical elements can increase the phase
space of an ion beam through three dominant types of
aberrations: geometrical, chromatic, and parasitic or
mechanical. Geometrical aberrations arise from third-
order contributions to the image size; chromatic aberra-
tions reflect the fact that lenses are strongly dependent on
the energy, angular divergence, and energy spread of the
ion beam; parasitic aberrations arise because of imperfect
mechanical alignment. Of the several classifications of
geometrical aberrations, spherical aberrational effects are
of principal concern in this ion beam transport system.
The control of parasitic aberrations is well understood
and is assumed to be negligible in this experimental ar-
rangement. Space charge effects after extraction from the
source are also considered negligible at the beam intensi-
ties involved in this experiment.

A. Lens aberrations

br, =MC 0, , (16)

where M is the magnification, C„is the coefficient of
spherical aberration referred to in the object side of the
lens, and 8, is the half angle of arrival at the lens. The
spherical aberration coefficient depends on the focal
length of the lens and is lens specific. The image grows
directly with the coefficient and, therefore, a low value is
desired. For a given spherical aberration coefficient, im-

age growth can be controlled by limiting 8, .
Spherical aberration coefficients have been measured

for an einzel lens very close to the lens used in these ex-
periments. We shall, therefore, use these data to deter-
mine the coefficient of spherical aberration C„andsubse-
quently beam size growth due to spherical aberration by
the einzel lens.

2. Chromatic aberration

The einzel lens potential difference and ion energy
occur in the expression for the focal length of an electro-
static lens. Distortion will occur in the image due to (1)
changes in the accelerating potential during ion transit
through the lens, (2) energy spread in the ion beam, (3) in-
elastic collisions between the ion and solid or gas scatter-
ers, and (4) large angular divergence in the ion beam.

For the case of chromatic aberrations, an object irn-

aged by a lens system will be increased in size by an
amount'4

Ar; =MC„O,AE

where M is the magnification, C„is the coefficient of
chromatic aberration referred to the object plane, 8, is
the angle of departure from the object position, AE is the
energy spread of the beam of mean energy E at the object
side of the lens. From this expression, we see that it is
important to limit the lens entrance angle, and the energy
spread, if possible, and to accelerate the beam to high en-
ergies prior to focusing with the lens. Unfortunately,
very few data are available for chromatic aberration
coefficients of electrostatic lenses. However, analytical
expressions for upper limits for the chromatic aberrations
of einzel and immersion lenses have been derived by El
Kareh and El Larch.

The upper limit for the growth in size due to energy
spread hE in an ion beam passing through an einzel lens
operated in the acceleration-deceleration entrance-exit
mode, referred to at the image plane, is given by

AEr
2M

/4 3/4 (18)

where hE is the energy spread in the ion beam of energy
F., M is the magnification, P is the variable potential

1. Spherical aberration

An object imaged by a lens system will be increased by
an amount hr, given by
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difference impressed on the einzel lens, and r is the ra-
dius of the beam as it passes through the lens. These for-
mulas are expected to overestimate chromatic aberration-
al effects by the einzel lens.

3. Magnet aberrations

The 90' double-focusing magnet used in these studies
will increase the phase space of the ion beam principally
through second-order and energy dispersion effects.
Chromatic aberrations due to the magnet are found to be
negligibly small.

4. Second-order aberration

For equal object and image distances, the image of a
point source passing through the 90' magnet will be in-
creased in half width in the plane of dispersion (x direc-
tion) by

b,x; = 8,'„,
where p is the radius of the central orbit of the ion beam
and 8;„is the half angle of the beam entering or exiting
the magnet.

5. Chromatic aberration

The image in the plane of dispersion of the magnet uti-
lized in these investigations will be increased due to ener-
gy spread hE in the beam of energy E by amounts

and

3 hEhx =—xi 4 1 E

hE
hy, =y&

(20)

(2l)

6. Dispersi ue sects dtte to energy spread

where the x and y directions, respectively, and where x,
and y, are the half widths of the beam at the object point
of the magnet.

7. Space charge sects

As a result of space charge, an ion beam of current I,
diameter D, and energy E traveling a distance z will grow
in size by an amount hr given by

' —1/4 ' —3/4

hr = ro cosh 2
2e ~/g EI
M e

Z —l, (24)
D

Si: AE-=5. 6 eV;

Ni: hE =—2.04 eV;

Au: hE -=11.9 eV

for an average energy of 1 keV. If we assume space
charge compensation within the source, but none outside
the source, these values are reduced by a factor of -3.2.

where ro is the original size of the beam at z=0. From
this expression, we again see the merit of accelerating
beams to high energies. If we calculate the change in
beam size within the source for an average energy of 1

keV for each of the negative-ion beams, we find that the
beam changes by a negligibly small amount for each of
the species. In fact, the negative-ion beam space charge
within the source will be, most likely, more than compen-
sated for by the counter-current cesium-ion beam. We,
therefore, neglect this effect.

Many measurements have been made in attempts to
delineate possible contributions to the emittances of the
respective ion beams through space charge effects by
varying the beam intensity, typically between 20 and 60
pA, from the source. In these measurements, the beam
intensity was changed by changing the sputter probe volt-
age. In some cases, the emittances were found to increase
slightly (-5%) with beam intensity, while for others, no
increases were observed. We have also made estimates of
the energy spreads due to space charge within the respec-
tive negative-ion beams by solving Poisson s equation for
negative-ion flow within the source. In these calcula-
tions, we neglect the space charge compensating effects
attributable to the counter-current flowing cesium-ion
beam. Under this assumption, the energy spread due to
space charge effects for the respective negative-ion beams
would be

For particles of the same mass but different energies,
the image half width hx,. in the plane of dispersion (x
direction) attributable to an energy spread bE is given
by27

D hE
bx, =—

4 E (22)

AE
hx; =p— (23)

where E, is the energy of the ion beams and D is the
dispersion of the magnet given by

D =4p

so that

VI. EMITTANCE AND ENERGY SPREAD
ESTIMATIONS

The ion beam will grow in size after extraction from
the source due to a combination of spherical and
chromatic aberrations by the lens and due to second or-
der, chromatic and energy dispersion by the magnet. We
will assume that contributions to emittance growth due
to different effects in a given element (lens or magnet) add
in quadrature and that contributions to emittance growth
in different elements add linearly. The emittances of an
ion beam, after having passed through the einzel lens and
momentum analysis system, at the focal plane of the
momentum analysis system, can then be expressed in ana-
lytic form through the following relationships:
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and

e„-=IM„(Mxo+b,x, +b,x2 )8;„

e —= IM I(Myo+by&+byq)8I» I

(25}

(26)

(e„), IM (Myo+b, y, +b,y2)8, &E j

(&„»); }M (Myo+hy, +by2)8; &E j;

(29)

where

(MC„8O„)+ 2M

' 2 1/2

2 1/2
P ix 6E 3 AE

2 E 4 E

(e„„y),
xy /xy

nxy i

(Qe„„e„,),

(Qe„„e„y);
(30)

for j=1,2, 3, andi=1.
The following designations are used for the respective

species in Eqs. (27}—(30): Si = 1, 5 Ni =2, and
'"Au =3.

b,y, = (MC 8O ) + 2M

' 2 1/2

and

hE
~y2 =y1

Chromatic aberration of the beam by the magnet is negli-
gibly small. Spherical aberration by the einzel lens dom-
inates hx1 and Ay1, while energy dispersion dominates
Ax2 and, in fact, is the largest contributor to emittance
growth of the ion beam. These terms usually can be es-
timated rather accurately. Of the terms in Eqs. (25) and
(26), the chromatic aberration expressions are the least
accurate. Fortunately, they are not dominant, thus lend-
ing more credence to the following analytical approxima-
tions. In Eqs. (25) and (26), M„and M» are the
magnification of the magnet in the x and y directions, re-
spectively. For the magnet used in this work,
IM„I

-=IM
I
=—1.

As noted, beam growth due to aberrational effects in-
duced by the einzel lens and momentum analysis system
is greater in the x direction than in the y direction, prin-
cipally due to second-order and energy-dispersive
effects —effects that lead to the observed asymmetries in
the emittances for the x and y directions for a particular
ion species. Equations (25) and (26) provide important
bases for making direct correlations between measured
emittances e and the energy spreads hE within ion
beams, the origin of which can be traced to the intrinsic
energy distribution within the negative-ion sputter gen-
eration process.

Ratios of the analytical approximations for the emit-
tances given by Eqs. (25) and (26) offer a convenient
means for comparing calculated and experimental results.
We thus de6ne

VII. RESULTS

Percentage of
total beam (ntens(tv
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Figures 3 and 4 show normalized x- and y-direction
emittance contours versus percentage momentum ana-
lyzed ion beam intensity for Si, Figs. 5 and 6 for
Ni, and Figs. 7 and 8 for ' Au . These data are typi-

cal of the 10 sets of data accumulated for each of the
three negative-ion species.

The emittances and brightnesses per unit beam intensi-
ty versus percentage momentum analyzed ion beam in-
tensity for Si, Ni, and '9 Au extracted from the
source under identical operating conditions are shown in
Figs. 9 and 10. In Fig. 10, the brightnesses of the respec-
tive ion beams have been divided by the ion beam intensi-
ty in order to illustrate further species-dependent effects.
These data are derived from 10 or more measurements
with standard deviations typically ranging from 3% to
6%. The results of these measurements clearly exhibit a
previously unseen species-dependent effect.

Since the 90' double-focusing magnet contributes to
the emittance growth in the x direction through second-
order and energy-dispersion effects, the x-direction con-

(~„„);
x/y

for i =1,2,3

and

IM( Mxo+b, x+Ax2)8;„&E};
IM, (My, +by, +&y, )8,,«}; (27)

X (mm)

(e„„)
RX/X (~ )

I M„(Mxo+bx, + Axe )8;„QE&}/

I M„(Mx~+bx, +bx2 )8; QE
& };

X '
(mrad)

FIG. 3. x-direction emittance contours for Si extracted
from the ellipsoidal geometry ionizer negative-ion source: ion
beam intensity: 60 pA; ion beam energy 20 keV.
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FIG. 4. y-direction emittance contours for "Si extracted
from the ellipsoidal geometry ionizer negative-ion source: ion
beam intensity: 60 pA; ion beam energy 20 keV.

FIG. 6. y-direction emittance contours for 'Ni extracted
from the ellipsoidal geometry ionizer negative-ion source: ion
beam intensity: 13 IMA; ion beam energy 20 keV.

tours will be, in general, larger than their y-direction
counterparts. This effect can be most easily seen by
analysis of the data in terms of the ratios of the average
of all x-direction 80%%uo emittance contour data to those
for the y direction for each of the three species.

By substitution of actual or estimated parameters for
the einzel lens, magnet, ion beam, and optical arrange-
ment of the facility (Fig. 2},e.g., C„,M„,M, eo, P, r

E, p, xo, yo, 0;„,and 8; into Eq. (27) and letting the un-

known hE be the dependent variable in the expression,
we arrive at the relationship between R„/y and hE shown
in Fig. 11. The theoretically derived ratios R» of x to y
emittances versus energy spread b,E for each of the three
species are found to lie on a common curve, thus provid-
ing a universal curve for correlating emittance and the
energy spread hE within an ion beam. From Fig. 11, the
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FIG. 5. x-direction emittance contours for Ni extracted
from the ellipsoidal geometry ionizer negative-ion source: ion
beam intensity: 13 pA; ion beam energy 20 keV.

FIG. 7. x-direction emittance contours for ' 'Au extracted
from the ellipsoidal geometry ionizer negative-ion source: ion
beam intensity: 26 pA; ion beam energy 20 keV.
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FIG. 10. Normalized brightness per unit ion beam intensity,
B, versus percentage ion beam intensity for "Si, "Ni, and

Au illustrating a species-dependent effect. The error bars
represent standard deviations in the emittance measurement for
a given contour.

FIG. 8. y-direction emittance contours for ' 'Au extracted
from the ellipsoidal geometry ionizer negative-ion source: ion
beam intensity: 26 pA; ion beam energy 20 keV.

estimated energy spreads for the three species are found
to be

Si: bE(eV) =22.7,
Ni: b,E(eV ) =31.3,
Au: bE(eV) =45.5 .

These estimations are seen to be realistic in magnitude,
but appreciably higher than the results of Doucas' who
measured the energy distributions of ' C, S, and

I extracted from a Middleton-type cone geometry

negative-ion source at E& ——20 keV. The full width half
maxima (FWHM) for '~C ion beams were typically
found to be DE=10 eV with a base width of -30 eV.
However, this particular ion source and ion extraction
geometry discriminates against high-energy secondary
ions generated in the sputtering process, unlike the
source utilized in these experiments. Therefore, we anti-
cipate somewhat larger energy spreads in the ion beams
associated with the present measurements.

As a further test of the validity of Eqs. (27)—(30), we
compared the measured emittance ratios R /y, R„/„,
Ry /y and Rzy /zy with their theoretically derived counter-
parts. Calculated and measured R, /y, R,/„,R /„,and

R, / values are seen to be in almost precise agreement
and thus provide an explanation of the asymmetries ob-
served between the x- and y-direction emittances of
momentum analyzed ion beams. The origin of the in-
crease in the x-direction emittance over the y-direction
counterpart is because of the energy dispersive effects of
the magnetic analysis system due to the intrinsic energy
spread within a particular ion beam. There are physical
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FIG. 9. Normalized emittance, e„vspercentage ion beam in-
tensity for Si, "Ni, and ' 7Au illustrating a species-
dependent effect. The error bars represent standard deviations
in the emittance measurement for a given contour.
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FIG. 11. Calculated ratios R„/~ of x-direction to y-direction
emittances vs energy spread AE.



EXPERIMENTAL DETERMINATION OF A SPECIES-. . . 1779

reasons why we should expect differences in energy
spread between negative-ion species sputter generated by
a common projectile at the same energy. First of all, the
maximum energy transfer between the projectile and
different target atoms is different, as evidenced by E' in

Eq. (4). Secondly, assuming the validity of the N&rskov
and Lundqvist model for negative ion formation, the en-

ergy distributions of sputter-generated negative ions are
sensitive to the work function of the surface which varies
with adsorbate coverage and thus the energy spreads
from different species are expected to vary from this
effect, as well.

VIII. CONCLUSIONS

We have developed high-resolution emittance measure-
ment techniques which, when applied to the study of
sputter-generated Si, Ni, and ' Au negative-ion
beams, has delineated a previously unseen species-
dependent effect in the emittance of these beams; the ori-
gin of the effect is believed to be principally attributable
to differences in the intrinsic energy distribution associat-
ed with the respective sputter generation process.

The energy spreads AE, estimated from these investi-
gations, are larger than those previously measured by
Doucas' (FWHM for ' C: b,E = 10 eV) from a
Middleton-type cone-geometry source; however, this
source extraction geometry discriminates against high-
energy particles ejected during the sputter process. The
energy spreads of the negative-ion species are expected to
be larger than their neutral particle parent atoms if the
mechanism of ion formation is dependent on the ejection
velocity of the particle; according to this model, the prob-
ability for ion formation favors the higher velocity corn-
ponents of the neutral particle energy distribution as seen
from Eq. (2). For example, the average energies E of neu-
tral particles sputtered from Si, Ni, and Au samples with

a 1.2-keV krypton ion beam are found to be as follows:
Si, E=10 eV; Ni, E=18 eV; Au, E=21 eV, ' while
those from Cu, Nb, and V under bombardment with a 2-
keV Ar ion beam are found to have the following values:
Cu, E—= 11.1 eV; Nb, E-=16 eV; V, E-=15.4 eV. ' The
energy spreads derived from the emittance data of these
investigations are considerably higher than the typical
average energies of neutral sputtered particles and, thus
these results are commensurate with a velocity-dependent
negative-ion formation mechanism such as proposed by
Ndrskov and Lundqvist.

These investigations show a previously unseen emit-
tance dependence on negative-ion species, the origin of
which is principally attributable to differences in the in-
trinsic energy distributions associated with the sputter-
generation process. The energy spreads required to ex-
plain the asymmetries between the x and y emittance
directions for the respective beams are too large to be ex-
plained by space-charge effects. Thus, the results of these
investigations reAect on the fundamental processes which
occur during negative-ion ejection (e.g., differences in
momentum transfer, surface work function P(cr ), surface
binding energy Eb, and image potential V;). Through
these measurements, we not only show how emittances of
momentum analyzed ion beams are affected by the intrin-
sic energy spreads within the particular ion beam, but as
well demonstrate how high-resolution emittance mea-
surements can be used to obtain formation concerning
energy spreads within a particular ion beam.
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