PHYSICAL REVIEW A

VOLUME 16, NUMBER 5

NOVEMBER 1977

Production of orientation and alignment in heavy-ion—surface collisions*

H. G. Berry and G. Gabrielse

Argonne National Laboratory, Argonne, 1llinois 60439
and Department of Physics, University of Chicago, Chicago, Illinois 60637

A. E. Livingston
Argonne National Laboratory, Argonne, Illinois 60439
(Received 20 June 1977)

We have measured the alignment and orientation parameters of forward-scattered argon ions excited in
grazing-incidence collisions with a Cu surface. The polarization of the light emitted from excited scattered
ions has been measured simultaneously with a measurement of their spatial position relative to the
interaction region. We have measured the dependence of the orientation with ion energy, incidence angle,
scattering angle, and surface material. Total ion angular distributions are found to be independent of
incident energies between 0.50 and 3.0 MeV. Possible excitation mechanisms for producing the observed
charge states, excited states, alignment, and orientation are discussed. We compare this surface excitation

with the excitation of ions passing through thin foils.

I. INTRODUCTION

Recent experiments’'? have shown that ions un-
dergoing grazing-incidence collisions at clean me-
tal surfaces are strongly oriented. Circular
polarization fractions of up to 80% have been ob-
served in optical transitions of Ar*ions excited at
Cu and Au surfaces. The large atomic orientation
can be used to study atomic structure parameters
such as g-values, fine and hyperfine constants,
and also in nuclear-structure measurements.’® In
addition, since the polarization fraction is very
sensitive to the scattering angle of the ion-surface
collision,? such polarization measurements can be
used to investigate the collision process itself.

The scattering distributions of charge states and
excited-state populations of MeV energy ions from
metallic surfaces are essentially unknown. At low
energies (a few keV), the elastic scattering com-
ponent dominates at high angles of incidence (near
grazing), giving a forward-peaked outgoing distri-
bution about the specular reflection angle.* Re-
cently, Andri et al.! have verified that the same
types of ion distributions occur for 300-keV Ar*
ions at angles of incidence more than 80° from the
normal. No other measurements of scattered ion
distributions have been made for high incidence
angles or with other ions in the MeV energy range.
The charge-state fractions and excited-state popu-
lations have not been measured.

We propose that a final-state ion-surface inter-
action is the dominant production mechanism of
the charge- and excited-state distributions as
well as producing alignment and orientation of
these excited states. In particular, the orientation,

16

which by symmetry, must be due to a surface in-
teraction, may be comparable to orientation pro-
duced in thin-foil excitation. The charge-state
and excited-state distributions produced by the
ion-surface interaction will also be comparable to
those obtained from foil excitation if they are de-
termined by a final-surface interaction.

Excited-state distributions from excitation in
thin perpendicular foils have been studied by Veje,®
who has derived a semiempirical model to fit his.
results. However, no data are available for tilted
foils, and only a few excitation functions in helium
and lithium have been measured for different
material foils.® The distributions from surfaces
are completely unknown.

In this paper we present polarization measure-
ments of surface-scattered ions which help to
analyze the collision processes. We have mea-
sured the linear and circular polarization frac-
tions as spatial distributions about the scattering
surface. We are able to interpret these results in
terms of the polarization fractions of photons from
particles leaving the surface at different angles.
These polarizations can then be compared with
those obtained from excitation in thin, tilted car-
bon foils.” By measuring at different effective ob-
servation angles, we can deduce the complete set
of alignment and orientation parameters for the ex-
cited states. In particular, for the forward-scat-
tered ions, these results establish some unusual
characteristics of the final-state interaction. We
have also measured the variations of the polariza-
tion fractions with incidence angle, ion-beam en-
ergy, and surface material. Finally we discuss
the validity of various possible interaction mech-
anisms for the surface-scattering process.
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IL. EXPERIMENT

The experimental geometry is shown in Fig. 1.
The target was electrically isolated at +300 V and
the net collected current was used as a normalizing
signal. Two target arrangements were used. In
the first arrangement the target was at fixed Z
position, but could be rotated about the x axis
(angle a). Photon observations were made only in
the x direction (¢ =0). The optical system was
focused in the interaction plane at a particular
(x=0,v, z) position which could be adjusted in the
y and z directions independently. In the second
arrangement, the target was held at a fixed tilt
angle o, was movable along the z axis, and could
be rotated about the z axis (—¢ rotation). This
target rotation is equivalent to rotating the ob-
servation direction in the +¢ sense in the x-y
plane: that is, observing the emitted photons zv
as shown in Fig. 1 at the polar angles (6 =90° ¢).
Note that the surface tilt angle « to the incident
beam is unchanged during the ¢ rotation. The ob-
servation point could also be adjusted in the y and
z directions independently, as in the first arrange-
ment. The observation image used was generally
Ay=1.0 mm, Az=0.2 mm.

Total ion distribution measurements were made
using a 1-mm-diam brass rod, parallel to and
50 mm from the x axis of Fig. 1, and rotatable
(the angle ) around the x axis. The current to the
pick-up rod, with target and rod biased at 0 and
-500 V, respectively, to avoid spurious electron
currents, gave the total ion current as a function
of angle of scattering 6 at the surface. It should
be noted that multiply charged ions are not dis-
tinguished from singly charged ions in this tech-
nique, nor are sputtered ions distinguished from
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FIG. 1. Experimental geometry. The surface normal
is in the Y-Z plane, tilted at an angle ¢ to the Y axis.
The ion collection rod is parallel to and rotates about
the X axis. The incident beam is collimated to a 1 mm
height in the Y direction, 5 mm in the X direction, and
a divergence of less than 6 mrad.

scattered incident ions. For higher angular reso-
lution of the forward-peaked distribution which oc-
curred for small grazing angles, the ion-collec-
tion-rod axis was moved down beam from the tar-
get, increasing the effective angular resolution to
better than 3 mrad.

The light was observed through a polarization-
analysis system® with a 3-m Czerny-Turner mono-
chromator equipped with a Bailey Centronic 4249
photomultiplier tube and pulse-counting electron-
ics. The polarization system allows simultaneous
measurement of the four Stokes parameters I,
M/I, C/I, and S/I where I is normalized to the to-
tal beam charge. In Fig. 2 we show an example
of the measured data, together with its Fourier
transform used in obtaining the Stokes parameters.

III. TOTAL ION ANGULAR DISTRIBUTIONS

The angular distributions of fast ions scattered
by metallic surfaces have not been measured or
calculated for energies in the range above a few
hundred keV. In our measurements we have used
Ar® ions incident at energies from 0.6 to 3.0 MeV
on a copper surface at incidence angles between
76°and 89°. For these incidence angles (90°-a),
the angular distribution is almost independent of
the incident-ion energy. In Fig. 3 we show repre-
sentative angular distributions for the tilt angles
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FIG. 2. Observed light yield from the Aru 4610-4
line excited by a Cu surface at 3° grazing incidence as a
function of rotation angle of the retardation plate in the
polarization analysis system. In the Fourier transform
(lower part) the angular frequencies 2 and 4 corres-
pond to circular and linear polarization components re-
spectively. The derived Stokes parameters are I=1021
+5, M/I=—0.063+0.005, C/I=0.012+0,005, S/I=0.787
+0.006.
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FIG. 3. Ion angular distributions for incidence graz-
ing angles of @=1.25°, 4.0°, and 14.0°.

@=1.25° 4.0° and 14.0°. Several useful conclu-
sions may be drawn from these results:

(1) At high angles of incidence, most ions are
scattered close to the specular direction, that is,
the scattering angle 6= 2a. The peak of the angu-
lar distribution does not coincide with the specu-
lar direction, but appears to be at a slightly more-
grazing angle. Thus, for @=1.25+0.25° 0Opea
=2.020.2°% @=4.0£0.5° Opeak =7.0+£0.5% and «
=14+£0.5° Opex=24.2£0.5°

(2) For angles of incidence greater than 87° the
scattered distribution is strongly directed at 4
~2a, but the distribution becomes gradually more
isotropic for smaller incidence angles. However,
the forward-peaked distribution still includes
about 55% of the scattered ions for §=25°+20°
(half width) with a tilt angle a=14°,

(3) A second peak in the ion distribution occurs

near scattering angles of §=80-85°. This peak is
barely visible for low-surface tilt angles (e.g.,
«=1.25°) and is enhanced at higher tilt angles. The
maximum occurs always slightly in the forward
direction. Andri ef al.!, in their measurements
with 300-keV Ar* ions, have suggested that this
back peak is due to sputtered surface ions. Al-
though such ions probably contribute to this peak,
our optical measurements (below) indicate that
there is a significant contribution from back-scat-
tered argon ions even at incidence angles of about
88° This back peak is slightly enhanced at lower
energies relative to the front peak. At very low
incident ion energies (of less than 1 keV) this

back peak comprises all the scattered ions® and
has a cosine distribution about the surface normal.
Arifov® has shown that the double-peak angular
distributions of scattered ions are observed for
grazing angles of @=30° for Cs* at energies of
near 0.5 keV.

As a preliminary model for the scattering of
fast heavy ions at the metallic surface, let us as-
sume that the momentum transfer occurs through
a series of binary atom-atom collisions at or near
the surface. These nearly elastic collisions de-
fine a velocity and angular distribution of the scat-
tered ions leaving the surface. Then, the approach
to equilibrium in terms of the ion charge state,
excited-state distribution, and angular-momentum
characteristics, occurs as the ion leaves the sur-
face and will depend on only the outgoing velocity
and its direction relative to the surface.

For a single elastic binary collision with scat-
tering through an angle 6, the outgoing velocity is

v=i%[cos9.+(k2—sin29)1/2], 1)
where k2 =M/m is the ratio of the mass of the sur-
face atom M to the mass of the incident ion m,
which has an initial velocity v,. Mashkova and
Molchanov*!° have shown that scattered-ion en-
ergies for Ar* ions incident on surfaces at 30 keV
and grazing angles a=5°-25° show reasonable
agreement with such single and double large-angle
scatterings. They conclude that a few binary col-
lisions can account for the observed energy dis-
tributions. At higher energies, there will be
greater penetration into the surface, and more
binary collisions will be experienced.!' However,
the velocity distribution of Eq. (1) which is maxi-
mized for forward-scattered ions suggests that
these ions will have higher velocities than those
in the back-scattered peak.

Various observers'? have shown that single elas-
tic scattering gives a good approximation to the
energy dependence of particles as a function of
scattering angle, with double and multiple scatter-
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ing giving subsidiary energy peaks and broadening,
respectively. Parilis and Turaev'?® have calcula-
ted the double-scattering case, while multiple
scattering from linear chains has been analyzed
by Kivilis ef al.'* and by Heiland and Taglauer.'®

The high forward velocities of emission from the
surface are expected to yield higher charge-state
production at small scattering angles. It is thus
surprising to find that the angular distributions
(Fig. 3) are independent of energy over the range
0.6 to 3.0 MeV. Multiply charged ions are formed,
as shown in the spectra, which are similar to
those for thin-foil excited ions of lower incident
energy. In Fig. 4, we compare neon spectra
from 1.5-MeV incident Ne* ions excited from a
thin carbon foil and a gold surface (grazing angle
@=3°). Although ionization stages II, III, IV,
and V are seen in both spectra, the lower stages
are enhanced for the surface excitation.

Firsov has calculated the angular distributions
of the total reflected particle flux under the as-
sumption of multiple small-angle elastic scattering
from an inverse-square-law potential using a dif-
fusion equation for the ions within the solid. For
an incident grazing angle o, a total scattering
angle 6, and integration over azimuthal angles ¢,
he obtains the flux'®

01/2(9 —01)3/2
ad+(@-a)

1,(6,a)=1, @)

Firsov has also tabulated!” a numerical evaluation
of flux obtained at zero azimuthal angle 7,(9, a, ¢
=0). In our experiment, only ions and not neutral
particles are collected, charge states are aver-
aged in proportion to their charge, and the col-
lector integrates over azimuthal angles — 30°
< ¢ s +30°

In Fig. 3 we compare the calculated distributions
1, and I, with our experimental distributions.
These are the first comparisons with Firsov’s
theory for scattered particle distributions except
for the early work of Mashkova and Molchanov'®
using relatively low-energy 30-keV Ar* incident
on Cu, W, and graphite. They found the angular
distributions to be independent of target material
as calculated by Firsov'®' 7 with maxima just be-
low the specular reflection angle 6 =2a. The cal-
culated distributions have maxima for 7, at 6
=2¢ and for I, at 6=1.85a. Since our experiment
integrates distributions up to +30° which contains
most of the forward-scattered particles, the dis-
tribution 7,(Jd¢) is expected to best represent our
results., However, our maximum is close to 6
=(1.80+0.05)x for all @, more in agreement with
I,(¢ =0), and the observed angular distribution is
broader than that predicted by both calculations.
The distributions observed by Mashkova and Mol-
chanov'® for 30-keV Ar* agree closely with our
distributions for 0.6-3-MeV Ar* for grazing
angle o =14°, but their maximum is shifted to high-

INTENSITY

FIG. 4. Neon spectra
from a 1.5-MeV incident
Ne* beam excited by a
copper surface at a=3°

(upper) and a perpendicular
carbon foil (lower). The

V+v v

INTENSITY

v? v o v?

m charge states of individual

wo components or multiplets

S are marked where known or
i suggested from relative in-

tensity measurements.

v

2200 2300 2400
WAVELENGTH (ANGSTROMS)

2600



16 PRODUCTION OF ORIENTATION AND ALIGNMENT IN... 1919

er scattering angles for small a(e.g., for a=4°,
they find 6,,,~10°). This shift is most probably
due to insufficient angular resolution as noted.!®

Hence, we have the remarkable result that the
scattered particle distribution (mostly neutral at
30 keV, mostly ionized at 3 MeV) is independent
of incident energy over an energy range of at
least two orders of magnitude. This energy inde-
pendence plus the independence of ion-to-target
mass ratio suggests that the small-angle scatter-
ing is correctly described by the diffusion theory
of Firsov, while the broader distributions show
that more large-angle elastic scattering must be
included. This last conclusion also agrees with
the observations that the energy distributions!'~!®
follow from single and double large-angle scatter-
ing.

IV. OPTICAL OBSERVATIONS

We are able to learn more about the ion-surface
interaction by detecting dipole radiation from col-
lision-excited ions simultaneously with a mea-
surement of the spatial position of the excited
ions. We narrow the field of view of our detection
optics to a window measuring 1 mm high by 0.2
mm wide (Fig. 1 and Sec. II). By measuring the
light polarization at each window position, we are
able to learn about the electron-cloud distribution
of the collision-excited ions as a function of their
spatial position. In this section we begin with a
brief review of the atomic information available
in dipole radiation. We then describe measure-
ments of atomic alignment and orientation as a
function of the position of the surface-scattered
ions, showing that atomic orientation is very
strongly dependent on ion-scattering angle.? We
conclude that a final-state interaction between the
surface and the scattered ion is responsible for the
large orientations.

A. Information available in polarized dipole radiation

Stokes'® showed that all of the information car-
ried by partially polarized light can be convenient-
ly measured in terms of four numbers, now called
Stokes parameters, defined below in terms of the
detection coordinate system of Fig. 5:

I =total intensity=7(0°)+7(90°),
M=1(0°)-1(90°),
C=1(45°)-1(-45°),

3)

S=1rhc_11hc'

We use the familiar spherical-coordinate unit
vectors generated by the photon wave vector k to
specify the detection coordinates. The angle ¥

e

N A
,eo

FIG. 5. For photons propagating in the » direction,
the intensity vector 1(¥) is defined by the angle ¥ as
shown for the coordinates (€,,é, ,82,).

specifies the light polarization axis. The electric
dipole radiation from the decay of a coherently
excited state of angular momentum F can be des-
cribed by four independent parameters. Ellis?°
has used the components p,, (k <2, |q|<k)ofa
spherical tensor expansion of the excitation den-
sity matrix p, while Fano and Macek?®! have de-
fined an orientation parameter O and three
alignment components A%', A and A®!. We dis-
play below the relationships of these parameters
for the case of reflection symmetry across the yz
plane.

(Fy)

eol_ ool [y 1/2 -
0sol= 0& [F(F +1)] FE 1"

=2R(F[FF+1)2 20 (q)

00

A= <§fF_+P;f)> ) 15?/2 Rl 2 @
where
Rk(F):{ llﬂlpkr}/{}?lpof‘} ’ ©

We use the orientation and alignment parameters
as defined by Fano and Macek except that we de-
fine a renormalized orientation 0/ so that 0!
=+1 corresponds to maximum orientation.

When a coherently excited state decays by elec-
tric-dipole radiation, the relationshipsbetween the
measurable photon parameters (the Stokes ratios
M/I,C/I,S/I and the totalintensity /), and the four
atomic parameters (alignment and orientation)
are given below, referred to the coordinate sys-
tem of Fig. 1:

M =50 LA sin®0 +AT, sin20 sing

- A& (1 +cos®0)cos2¢], 9)
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C =3n® (A% sinf cosp +Ay cosfsin2¢p),  (10)

$=3200% singcos , (11)
I=1- 1(2)[,4 (cos?d - ) =A%) sin26 sing
~AY) sin?6 cos2¢]. (12)

The angles 6 and ¢ specify the propagation direc-
tion of the detected photon. The detection axis

2o is parallel to the xy plane in the collision
frame. These expressions presuppose that the
coherently excited state is produced by a collision
process with reflection symmetry across the yz
plane. When a transition from an LS-coupled state
with angular-momentum quantum numbers LSJ

to a state with angular-momentum number J; is
spectroscopically resolved, the geometrical con-
stants k®(J, J) used by Fano and Macek, modi-
fied to include a decoupling, are given by
h®(LSJ,J ;) where

¥ (LS, Jy)

- (1) Bald) pem LLk, /JLLO
U RO (J’Jf){JJS}/{JJS} '

(13)

This expression assumes a spin-independent exci-
tation process. The alignment and orientation
parameters are to be constructed from L. For the
Ar11 4610-A transition, 4s’ 2D,,,-4p" °F,;,, dis-
cussed at length in this paper, #® =1 and 1V =%,

B. Spatial distribution: Measurements of Stokes parameters

We consider first the intensity and polarization
of photons emitted along the x axis (6=90°, ¢ =0).
Equations (9)-(11) reduce to

M_ 3h?P AP -AR

I 1+ (A +3 4% (1)
E = %h(Z) Acfi (15)
I 1+3P(APT+ 3457

S _h(l)owl (16)

T~ T+ T 34

As mentioned previously, we are able to measure
simultaneously the light intensity and the Stokes
ratios for light coming from excited ions decaying
within our detection window. A typical set of mea-
surements is displayed in Fig. 6. The measured
photon parameters are plotted above a scaled pic-
ture of the detection windows used. The curves
measured are smooth within statistical uncertain-
ties.

Figure 6 shows clearly that the Stokes parameter
S/I depends strongly on the position of the decay-
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FIG. 6. The lower part shows the geometry for mea-
suring the spatial dependence of the Stokes parameters.
Observations at the rectangular detection windows shown
gave the Stokes parameter values I, /I, C/I, and S/I
for the Ari 4610-A transition shown in the upper figure,
the abscissa scale being the same for both parts of the
figure.

ing ion. In terms of the atomic parameters, ions
which are forward scattered are highly oriented
(i.e., (L, is large and negative), much like billiard
balls striking a cushion. Ions which are scattered
into larger angles are less oriented. The intensity
maximum and the S/7 maximum do not coincide.
S/I measured at the intensity maximum would
give S/I which is 20% below the maximum value
for this example. Because our interaction region
was always quite long, considerable averaging
over ion-scattering angle is involved in our mea-
surements near the interaction region. However,
the measurements down beam from the target are
actual angular distributions.

In Fig. 7 we show a series of measurements at
different distances above the interaction region.
Notice that the intensity-curve maxima suggest a
forward peak in the ion-scattering distribution,
consistent with the forward peak discussed earlier
in this paper. Ion-velocity distributions must be
known for more precise comparisons. We use this
data to construct S/I contour plots as shown in
Fig. 8. The axes represent distancés above and
along the target. Obviously we can select any S/I
value at all by looking at the appropriate region of
space. The S/I values are largest for the forward-
scattered ions.
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FIG. 7. Series of measurements of 7 and S/I shown in
Fig. 6 at different heights above the tilted copper sur-
face (@=5.5°.

C. ¢-rotation technique

The light-polarization measurements discussed
so far have been for photons emitted along the x
axis of Fig. 1. Because we are able to measure
only the three Stokes ratios (M/I,C/I, and S/I),
and not an absolute intensity, we are not able to
fully determine the three alignment and one orien-
tation parameters by such a measurement. In an
earlier experiment’ these parameters were deter-
mined for a foil-excited ion, by detecting photons
emitted in a direction 6=50°, ¢ =0° in addition to
the x-axis photons (6=90° ¢ =0). We find it is
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FIG. 8. Contour plots of equal circular polarization
S/I of Aru, 4610-4 for tilt angles of 2.5° and 5.5° of a
copper surface. The incident Ar* energy was 1.0 MeV.
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more convenient to measure photons traveling in
the xy plane (=90°). In this case, the effective
observation direction can be changed by a rotation
¢ of the target about the beam axis (see Fig. 1).
No change of the optical system is thus necessary.
Since only a rotation about the z axis is involved,
the Stokes parameters depend on angle simply by
the factors cos(g¢), where g specifies the tensor
component.

M=3n® (AP - AL cos2¢),
C=3n? A% coso , 17)
S =510 0! cos¢ ,

I=1+3h@ (A% +3A5 cos29) .

We illustrate a ¢-rotation measurement in Fig.
9, for photons from the AriI 4610-A transition in
the forward-scattered-ion peak, produced by 1.0-
MeV Ar” ions incident on a copper surface at a
grazing angle of 3.5°, We are looking far enough
down beam, beyond the target, to ensure that the
light comes almost entirely from the forward-
scattered ion peak. The S/I and M/] values vary
clearly as cos ¢ and cos 2¢, respectively, sug-
gesting that the denominator of the Stokes ratio
equations (9)-(11) is nearly equal to one. The C/I
values are consistent with zero. A simple least-
squares fit allows us to fully determine the align-
ment and orientation parameters. We obtain

A =-0.109£0.015, A% =-0,07610.015,
A%l =0,00+0.03, O =-0.42140.016.

(18)

-5/l = 0,80 COS *

0.60 4

0.20

M/1 =-(0.12 - 0,08 COS 2%)

\

TILT
ANGLE

FRACTIONAL POLARIZATION (M/1,-5/1)

100
(% DEGREES)

-0.20

FIG. 9. Variation of the Stokes parameters S/I and
M/I of Arii 4610 A as a function of the photon emission
angle & (see Fig. 1). The incident Ar* beam of 1.0 MeV
was excited by a copper surface at a=3°. The fits to
the data (solid lines) follow Eq. (17).
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Of course, in most cases it is not necessary to
measure such a complete ¢ dependence in order to
completely determine these parameters. Measure-
ments at ¢ angles 0°, 45°, and 90° typically suffice.
This technique works in principle for any inter-
action with reflection symmetry, which is studied
using subsequent dipole radiation. We have also
successfully applied this ¢-rotation technique to
beam-foil interaction studies (work to be pub-
lished).

D. Description of a state of maximum orientation with no
alignment

A pure state can always be constructed which is
completely oriented (i.e., 0% =+1). For states
with small alignments, however, the maximum
allowed orientation is less. Although the orienta-
tion and alignment parameters are independent,®!
their maximum allowed values are not.

The S/I measurements reported in Sec. IV B
show that the forward-scattered ions have a very
large orientation about the x axis (see Fig. 1).
Because of the reflection symmetry in the yz plane,
the other orientation components are zero. The
¢ -rotation measurements described in Sec. IV C
reveal that the ion alignment is very small. These
observations lead us to consider a coherently ex-
cited state which has the maximum possible or-
ientation consistent with a small amount of align-
ment,

The density matrix for an oriented state with no -
alignment, produced by an interaction with reflec-
tion symmetry in the yz plane, is given by

p=[1/(2L+1)]1 + AL, (19)

where 1 is the unit matrix, and we have assumed
that the higher-order multipoles (order > 2) which
do not contribute to dipole radiation, are zero. In
the (L, L, ) representation, p is diagonal. These
diagonal elements, being probabilities, must be
non-negative, and the L, =+L components give the
most restrictive conditions for A, that is,

1/2L+1)F AL=>0 (20)
or

|A|<1/L(2L +1) (21)
and the maximum orientation is obtained from

(L,)=Tr(pL,)=3AL(L+1)2L+1), (22)
i.e.,

1082 <5(L+1)/[L(L+ )], (23)

This maximum value of the orientation varies only
slowly with L, consistent with the measured or-
ientation being almost independent of the multi-

plet being excited.s 2

The limit for the ArII 2F state (which decays by
the 4610-A transition) is |0 %!|<0.385. This is
below our observed O, _ for forward-scattered
ions which gave 0% (expt.)=-0.421+0.016. How-
ever, the observed alignments [Eq. (17)] allow the
orientation O, _ to be greater than this limit. The
Stokes parameter measurements at ¢ =0° giving
M/I close to zero show that AY' =A%}, although
the measurements at ¢+ 0° show that AS' and AL
are both nonzero and much larger than Acl‘i,1 We
find from Eq. (17) that the ratio AQ'/A% =1.4+ 0.4,
This ratio would be equal to one for no linear
polarization in the ¢=0 direction.

KA =A% and A%} =0, the excited-state density
matrix is still diagonal in the x representation,
with an additional alignment term B (3L2 - L?)
which gives rise to linear polarization when the
source is viewed along direction ¢ #0. Such a
state has axial symmetry about the x axis. Our ob-
servations of a linear polarization M/I =-0.20 at
¢ =90°, neglecting the possible contributions due
to M/I=-0.04 at ¢ =0°, raise the maximum al-
lowed orientation from (052! |=0.385to [0g°!|=0.53.
This is consistent with our experimentalresult O
=~0.421. The higher multipole moments (greater
than 2), which have not been measured, may
therefore be zero, as assumed in this section.

7 E. Dependence of polarization on exit angle

The above results have shown that for small in-
cident grazing angles ¢, the particles scattered
in the forward peak near the specular angle 9~ 2a
show maximum circular polarization. For larger
incident grazing angles «, the outgoing particle
distribution is not as well defined in scattering
angle 6 (see Fig. 3), and it is possible to measure
more accurately the dependence of the polariza-
tions on the scattering angle for a fixed grazing-
incidence angle @. The measurements [ Fig. 104)]
were obtained using the geometry shown in Fig.
10(B) and varying the detection window vertically
at a position down beam from the target.

The results show that the circular polarization
S/I is not a maximum at the specular angle near
to the total-intensity maximum, but increases
monotonically to the smallest exit-grazing angles.
We conclude that the interaction producing the
strong circular polarization requires a small
grazing angle for the exiting ion, and is, there-
fore, further evidence of a final-state ion-surface
interaction.

F. Dependence of polarization on incident angle

We have measured the circular polarization
fraction S/I as a function of surface tilt angle o
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FIG. 10. Circular polarization S/7 of Arn 4610 A as a
function of angle of scattering. The lower part of the
figure shows the detection geometry. The total light
yield I, the solid line, peaks near the specular reflec-
tion angle.

to the incident beam. As Sec. IVE shows a de-
pendence of S/I with exiting angle of the excited
ions, each incidence angle can give a range of
values for S/I depending on the scattering angle 6.
Hence for each incidence angle, we have searched

for the maximum S/ for the outgoing ions. For
large o (~30°) the measured S/ is an average
over many scattering angles. In Fig. 11 we show
tk2 spread of S/I values for the forward-gcattered
ions, and the upper envelope (dotted line). shows
that the variation of S/I with a is very small for
grazing incidence angles below @=10°. For higher
angles o, the light yield comes from ions scatter-
ed through large angles of the order of 40 to 60°

We conclude from the results of Secs. IVE and
IV F that the strong circular-polarization-produc-
ing interaction is nearly independent of the inci-
dent angle and is due to a final-state interaction as
the ion leaves the surface at an angle close to
grazing. For exit grazing angles less than 10°,
S/I varies only slowly with angle. '

G. Dependence of polarization on beam energy

We show in Fig. 12 the variation of the circular-
polarization fraction S/I of Ari1 4610 A with inci-
dent beam energy for a fixed incident grazing
angle @ =3° of a Cu surface. The viewing window
is down beam from the interaction region and we
are looking at the specularly reflected forward
peak. There is only a small dependence of S/I
on beam energy, with a small decrease at high
energies. Our results extend those of Andri
et al. who measured a value of S/7 =0.76 for ArlI,
4610 A after grazing collision with Cu at'300 keV.

Measurements of the incidence-angle dependence
of S/I with different incidence energies similarly

"
0.80 4
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£ 0.70 1 \\.\ : : .
> < FIG. 11. Circular polari-
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o pond to observations at
§ { N different scattering angles
3 o0 d N 0, the smallest ¢ giving the
g N highest S/I. The dashed line
L represents approximate
maximum values.
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FIG. 12." Stokes parameters for the Arn 4610-3
transition of the forward-scattered Ar* ions excited at
a copper surface with 3° grazing incidence angle as a
function of incident ion energy.

show only small variations. This can be expected
since we have found that the ion distributions are
essentially independent of energy.

H. Dependence of polarization on surface structure ‘

The polarization fractions for Ar1l, 4610 A are
measured to be similar for “clean” copper and
gold surfaces. By “clean” we mean the condition
of a polished surface after bombardment of the
surface for about one hour with high intensity Ar*
beams of ~100 pAcm™2 in a liquid-nitrogen-
trapped vacuum of 5 10”7 Torr. During this time,
as the surface “cleans up”, the circular polariza-
tion gradually increases to its maximum value of
~0.80. Figure 13 shows the increase in S/I from
0.37 to 0.69 during a bombardment time of 100
min at an observation point close to the interaction
region. At the end of this time the forward-scat-
tered ions gave S/I=0.80. However, even though
the surface is prepolished to a mirror finish, the
beam sputtering during this time produces a gran-
ulated surface texture which, although it appears

clean, is not microscopically smooth.

Al and Mo surfaces never produced as high S/7
of the ArI14610-A transition, but this appeared to
be due to the build-up of hydrocarbons on the bom-
barded surface, even under the same conditions in
which Cu and Au remain clean. A graphite surface
produced low values of S/I ~0.30 for the 4610-A
Ar1I transition and for the Hell transitions n=3-4
at 4686 A and n=3-5 at 3204 A, in agreement with
the results of low circular polarizations from
metallic surfaces covered with carbon impurities.

V. DOPPLER SHIFTS AND WIDTHS

Measurements of the linewidths and Doppler
shifts of the emitted light can provide information
on the velocity distributions of the scattered ions.
We present here some preliminary measurements
which show agreement with the model of the scat-
tered distribution discussed in Sec. IIIL

For observations in the x direction (¢ =0) of Fig.
1, the major velocity component of the scattered
ions will be perpendicular to the optic axis as in
the normal beam-foil observations.? For the
forward-going ions, the geometry is approximately
the same as the beam-foil geometry, and we re-
focused the monochromator?® to take account ap-
proximately of a forward-ion velocity. We show in
Fig. 14 the linewidth of the 4610-A Ar1I line as a
function of position along the beam axis (z direction
of Fig. 1). The peak intensity is at the position of
the interaction region. Down beam from this re-
gion, the linewidth is smaller showing that the
emission comes mainly from ions of a single vel-
ocity which has been partially compensated for by
the refocusing of the monochromator. At smaller
2, the emission occurs from many different velocity
ions, causing a larger linewidth.

For observation at angles ¢ #0, a component of
the scattered-ion velocity is along the observation
direction, and gives rise to a Doppler shift. Thus,
we have compared the wavelengths for the Ar 1
4610-A line of observations of ¢ =0 and ¢ =90°,

We find a wavelength shift to the violet which for

1 MeV incident Ar* is 3.0+0.5 A for a surface

tilt angle of @=2°and 7.0+ 0.5 A for o =8°, when
viewing down beam from the interaction region.
The first result corresponds to ions of 1 MeV at
an angle of scattering of 5.0+1°% that is, elose to
the specular angle, The second result corresponds
to specularly reflected ions (at 16°) but with a
lower energy of 0.6 +0.1 MeV (or ions of higher
energy scattered through lower angles).

For angles ¢ # 0, we can determine the scat-
tered-ion velocities which correspond to particu-
lar values of the observed Stokes parameters by
making polarization measurements as a function
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FIG. 13. Time dependence of the Stokes parameters of the Aru 4610-4 transition as a copper surface (a=8°)
“cleans up” under Ar* bombardment. The observations are made at the down-beam end of the interaction region, and
the final S/ (given as a percentage in the figure) corresponds to §/I=80 % for the forward-scattered ions.

of wavelength. Such measurements support our
conclusions above, that only the fast ions emitted
at small grazing angles have high S/I.

In Fig. 15, we show the variation of the Stokes param-
eters withwave-length for the twotiltanglesa=1.5°
and o = 8°observed just downbeam from the interac-
tionregion. We have used an observationdirection
¢ =60°to obtain both a wavelength shift (zero at
¢ =0°, maximum at ¢ =90°) and a circular-polari-
zation measurement (S/7 =0 at ¢ =90° and is a
maximum at ¢ =0%, Fora-= 1.5° there is almost
no variation in the Stokes parameters, confirming
that almost all ions are emitted near the specular
direction. For a =8° the linewidth was larger,
confirming the larger velocity and angular distri-
bution, and the high Doppler-shift components (at
low wavelengths), from ions of larger scattering
angles, show lower S/I. These results are only
qualitative because ions of very large scattering
angle which are expected to have very low velo-
cities would also give small Doppler shifts. These
ions may contribute to the falloff in S/I at the
high wavelengths. However, at both ends of the
wavelength region there may be some blending
from other AriII transitions (of the same multiplet)
which tend to reduce S/I values.

An attempt to observe the Stokes parameters for
these ions in the interaction region resulted in the
unexpected reversal in sign of S/I at high wave-
lengths shown in Fig. 16. We attribute this result

FULL HALFWIDTH (ANGSTROMS)

to the reflection of photons in the shiny copper
surface. The light is initially emitted in the op-
posite direction, thus having the opposite circular
polarization and a Doppler shift to the red. Both
these effects are exactly what is needed to produce
the results of Fig. 16, but made it impossible to
study the velocity distributions at the surface dir-
ectly.

Sl

30

POSITION Z (MM)

FIG. 14. Linewidth (points and dashed line) of the
Aru 4610-4 transition as a function of position along
the beam axis (Z). The incident ion energy is 1.0 MeV
and the interaction region is at 15 <2 = 25 mym as can
be seen from the total intensity curve (solid line).
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FIG. 15. Wavelength dependence of the Stokes para-
meters of the Aru 4610-A transition from forward-
scattered Ar” ions viewed at ¢ =60°. The incident ion
energy is 1.0 MeV with a copper surface of grazing
angle a=1.5° (upper) and a=8° (lower). The crosses
(x) are the circular polarization S$/I, the points () and
squares (0J) the linear polarizations M/I and C/I, res-
pectively. The wavelength of maximum intensity is also
shown, the halfwidth being similar to that shown in
Fig. 16.

In conclusion, the Doppler measurements are
only able to give qualitative support to our inter-
pretation of the spatial distribution of orientation
and alignment and the ion-velocity distributions.

VI SPUTTERED IONS

Light was observed from both neutral and
singly ionized sputtered particles of Cu, Au, and
Al. The velocities are low compared with those
of the scattered ions. Thus, the light output was
localized very close to the surface interaction re-
gion and was useful in verifying the spatial co-
ordinates of the interaction. Also the linewidths
were very small, The Al13966-A transition was
measured to have a linewidth of 1.2 &, which
corresponds to particle energies of about 500 eV.

A spatial distribution mapping of the Stokes
parameters of the Cull 4651-A transition showed

very low polarization fractions with S/1, C/I
<+0.02 and M/J =-0.06+0.02, which were inde-
pendent of viewing position. Our results show
that ions emitted at low velocities from surfaces
have very little alignment or orientation at all
angles.

VII. OBSERVATIONS OF OTHER TRANSITIONS AND
COMPARISONS WITH TILTED-FOIL EXCITATION

It has been shown previously" 2 that many Ar II
transitions show strong circular-polarization
fractions, especially in the forward-scattered
distribution.? Although blending is a severe prob-
lem for many of the Ar1l transitions, these results
showed that the orientation fraction 0,_=(L,)/
[L(L +1)]'/2 defined in Eq. (4) is approximately
constant. The constancy of O,_ for different
multiplets shows that the orientation production
mechanism is not sensitive to the excited-state
wave functions. The constancy of 5,_ for different
components within a multiplet indicates that the
interaction is spin independent as expected.?*

The measured sign of the orientation parameter
0, gives a direction of spin of the scattered ion
into the surface for all observed transitions of
scattered ions of Arii'*? and in Nell-IV , HelI,II
and N1I. We have also measured circular-polar-
ization fractions (work to be published) for many
transitions in these ions excited by thin foils, and
they indicate the same sign of the orientation
parameter O,_. This is further evidence that the
final-state ion-surface interaction produces the
orientation for both thin-foil and surface excita-
tion of fast ions.

Less complete mappings of the spatial depen-

dences of the Stokes parameters have been made
for the Hell #=3-4 and »=3-5 transitions for
1-MeV He" incident on Au, Cu, and Al surfaces,
and for the Nell 3230-A and NellI 2866-A transi-
tions for 1-MeV Ne® incident on Au surfaces. The
spatial dependences are similar to those shown for
AriI4610 A in Figs. 5-7, showing the dependences
are quite general, and probably are as independent
of energy as the total ion angular distributions.
No careful comparisons of the spatial dependences
of Stokes parameters for transitions arising from
different charge states under the same interaction
conditions have been made,

The charge-state distribution as a function of
scattering angle, which was not measured in these
experiments, could provide a measure of the final
velocity distribution if it can be compared directly
with the charge states produced in thin-foil exci-
tation. These are known, e.g., from the work of
Moak el al.,® for thin carbon foils at 0° incidence
and exit angles, but a few measurements have been
made for exit angles away from the surface nor-
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mal. Thus, Chateau-Thierry and Gladieux®® have
shown that hydrogen at 1.4 MeV energy has a high-
er net charge at higher exit angles (away from the
normal) as opposed to the low energy results of
Hagstrum®’ who showed that for ions of a few keV
energy, more neutralization occurs for increasing
exit angles. Theoretical models of charge-state
distributions assume a final-state charge capture
at the surface. From this interpretation we should
expect foil- and surface-scattered distribu-
tions to be the same for a given ion velocity and
exiting angle. Kitagawa and Ohtsuki®® have gen-
eralized the charge-capture model of Trubnikov
and Yablinski?® and explain qualitatively the angu-
lar dependences of the charge-state distributions.
However, they include only the effect of tunneling
of electrons from a static “jellium” potential to
the outgoing ion. They neglect the dynamic effects
of changes in the bulk and surface due to the ion
motion and other important charge-changing ef-
fects such as autoionization and recombination
processes.

VIII. CONCLUSIONS

We have measured the Stokes parameters of
light emitted from surface-scattered ions both as
functions of the spatial distribution of the ions
relative to the interaction region, and also for dif-
ferent photon emission angles for a given position.
We were thus able to investigate the alignment and
orientation of the excited ionic state as a function

of scattering angle.

We have shown that the alignment and orientation
parameters of ions scattered from metal surfaces
depend strongly on the angle of emission from the
surface, -For fast ions undergoing forward scat-
tering close to the surface, the alignment is small
except in the direction perpendicular to the plane
of the beam velocity and surface normal. The
orientation, which is in this same 7 X? direction,
is close to the maximum possible for the state of
measured small alignment.

We are able to interpret all the data of the opti-
cal experiments by associating the excited-state
production with a final-surface interaction as the
ions leave the surface. Such an interaction could
be an electron pick-up from a bound state in the
solid through a surface-tunneling mechanism, or
from free electrons liberated from the surface by
the collision, or electrons on the exiting ion could
be excited directly by the surface. Our experi-
ments cannot clearly differentiate these three
modes of excitation, which probably all occur.
The mechanism which produces the strong orienta-
tion is enhanced for clean metal surfaces over
dirty surfaces.

The total ion-scattering distrubution is peaked
close to, but just below, the specular scattering
angle, and shows qualitative agreement with the
multiple-scattering theory of Firsov. The major
discrepancies are the angle of the maximum of
the ion distribution and the stronger scattering
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observed at higher angles.

Our results indicate that the excitation can be
parametrized in terms of the velocity and direc-
tion of the ion as it leaves the surface. In this
way the excitation is similar to the excitation of
ions which pass through thin tilted foils. Exact
comparison has not been possible because of the
lack of clean metallic foils. However, we do find
qualitative agreement between the orientation
production by thin tilted foil and by grazing sur-
face excitation. In both cases for all transitions
observed, the sign of the orientation parameter is
the same and increases monotonically to a maxi-
mum as the exiting-ion direction becomes closer

16

to the surface. The well-defined velocity and di-
rection of excited foil ions should allow more
quantitative investigation of the angle and velocity
dependence of the surface interaction.

Finally, we also find that sputtered ions have no
orientation, a further indication of the symmetric
distribution of the energy in sputtered particles
about the surface normal.
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