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Abstract

We review the measurements of the changes in light polarization in the
beam-foil source when the foil tilt angle is varied. Comparisons are made
with theories of the final surface interaction.

1. Introduction

The passage of fast heavy ions through solids has yet to be described in
terms of an accurate theoretical model. Some progress has recently been made
on the understanding of the effective charge states of the moving ions, both
experimentclly] and theore'riccllly,2 but the states of binding of the outer
shell electrons remain essentially unknown. In particular, possible variations
of such effective charge and excitation states with differing solids have not
been measured or predicted. Following the discovery of atomic alignment in
the beam-foil light source3 through the observations of linearly polarized
quantum beats in field-free radiative decays, it was natural to investigate
whether alignment measurements could give information on the states of exci-
tation of heavy ions in solids. We discuss below some of the progress made in
this direction since the last beam=foil conference.
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The first necessary step is to describe the state of atomic alignment pro-
duced in the beam-foil excitation mechanism in terms of the (observed) light

emiﬂ'eqj in the radiative decay of the excited state, EHis,4 and Fano and
Macek® have thus related the excited state density matrix or state multipole

moments to the polarization and angular distribution of the emitted radiation,
We briefly discuss how symmetry conditions of the excitation can be used to
predict the various possible polarizations in the emitted light.

For a spherically symmetric source, the radiation is emitted isotropically
and is unpolarized, and the source can be described by a single parameter —
the number of excited atoms N. In quantum mechanical terms, since no direc-
tion is specified, all different angular momentum sub-levels are equivalent
and we have statistical populations,

In Fig. 1, we show successive reductions in the symmetry of the excited
light source which lead to the need for more parameters to adequately describe
the source, which in turn affect the emitted radiation. In Fig. 1(b) is a cylin=-
drically symmetric source, such as electron beam excitation of a gas. The
Z-axis now differs from the X and /); directions, and a second parameter, the
alignment, is introduced. The cross-sections to sub-levels of different |m LI

may now be different, and Percival and Seaton é have related these cross-
sections to the fractional linear polarization of the emitted light, For ex~

ample, for a Ip~1s transition, the z-axis as direction of quantization, then
the fractional linear polarization of light observed perpendicular to the z-axis

is

Jl_ 1 ofm=%1) = om =0)
P

L:I”_I_IJ_: om =£1) + o(m :0)---0., o (1)

Until two years ago, the beam=foil light source was considered to be such
a source, describable in terms of two parameters (N,P| ) for each excited
state. One additional important quality is that all excitations occur at a time
t=0 on the z-axis defined to better than 10']4sec, which gives rise to the
zero field quantum beats, an example of which is shown in Fig. 2. Basically,
we have produced a state which is not an energy eigenstate of the free atom
Hamiltonian.

However, the beam=foil interaction at z=0 also depends on the direction
of the beam velocity V. Thus, Eck’ pointed out that the interaction need not
be invariant under reflection in the x-y plane of the foil. He proposed a sim=
ple test of comparing the Lyman a decays of n=2 hydrogen in an electric field
paralle!l and anti-parallel to the +z-axis. A phase shift of the electric-field
induced Lamb shift quantum beats between 25% and Zp% indicating that a
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Fig.1. Excitation source symmetries. a - spherical symmetry, b -
cylindrical symmmetry, ¢ - excitation at t = 0, d - reflection
assymmetry in x-y plane, e - loss of cylindrical symmetry.
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Fig.3. Modulations in the decay of 4He Il n=3-4, 4686 A in electric
fields of ~ 465 volts/cm in parts a and b (the solid lines are non-linear
least-squares fits to sums of cosines), and the fourier transform of the
difference curve in c. The modulation frequencies correspond to my =3
stark-shifted energy separations, except where noted.
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superposition of these two states has been produced at the foil. Thus, the
state is of non-definite parity with respect to reflections in the x-y plane, as
well as not being an energy eigenstate.

Sellin et al.8 and Gaupp et al.? verified this effect for n=2 of hydrogen,
and we have shown that this is a general phenomenon10 for hydrogenic states
with observations of such "Eck-beats" in n=2,3 of HI and n=3,4 of 4HeIl. In
Fig. 3 we show an example of "Eck~beats" in 4He 1.

In the last part of Fig. 1 we indicate a further loss of source symmetry by
tilting the foil so that its normal A is at an angle a to the beam-axis. An
axial vector n x V can now be defined which corresponds to the possible pro-
duction of atomic orientation, and consequently, circular polarized light may
be emitted. Additionally, the atomic alignment becomes a three~component
vector. Thus, a minimum of four parameters plus the population N are needed
to describe each excited state. Farther source asymmetries need higher order
state multipoles (see Refs. 4 and 5), but we shall here limit ourselves to the
above examples where no exiernal electromagnetic fields are disturbing the ex-
citation process; such a description is then complete.

We should note that the last two examples assume that the beam-foil ex-
citation depends on the final surface of the foil. Hence, these experiments
are useful primarily to study this surface interaction. Hopefully, the isolation
of surface interaction effects will also lead to information concerning the
ionic states within the bulk of the foil.

2. The Tilted Foil Stokes Parameter Technique

In Fig. 4 we show the standard tilted foil geometry and define the relevant
direction axes, We have previously shown1 that we may describe an excited
state produced in the foil interaction by a density matrix pgy m', or plé' or the
alignment vector A€ and orientation parameter O€, The three sets of param-
eters are linearly related — m,m" are angular momentum projections, k,q<|k |
are irreducible tensor indices, and A€ and OF are defined in Refs. 5 and 10.

Also, the light emitted from any excited state may be described com-
pletely in terms of the four Stokes parameters I,M,C and S. Thus, with re-
spect to a set of axes £, 1, with { along the observation direction and, in
our specific case, £ denoting the "parallel" direction and 1 the "perpendic-
ular" direction, the Stokes parameters are I, the total intensity, equal to the
sym of the components of plane polarized light I' + L. M is the difference
I -1+, while C isthe difference in the two plane polarized components ro-
tated at 45° to 1!l and 1+ , i.e., C=1 9 _ 11352 5 denotes the net
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circularly polarized light, S =1Ir,h.=I|_h.. The four parameters thus com-
pletely specify the polarization ellipse of the emitted light, 12

The Stokes parameters are linearly related to all of the three sets of ex-
cited state parameters introduced above. Thus, for example,

— ° k 9 o e e
M(8) = kz'q akq(e) Py @)

where the coupling coefficients dlg depend upon the transition being observed
and the angle of observation. The akq for a 1P =15 transition are given in
Ref. 10, and they can, in general, be derived from Refs. 4 or 5. The tensor
component g describes the total number of excited atoms, while pk=T

(or O€) describes the atomic orieptation, directly proportional to the circular

polarization fraction S, and pk=2 (or AC) describes the atomic alignment,
For electric dipole emission withbut external fields, only tensor components of

k<2 can be measured through this technique, while p itself may have un-
determined tensor components of rank k > 2.

x’ l "Ii \k
y | DETECTOR

Fig. 4. A - Viewing geometry., The light vector k is in the 2-2 plane,

perpendicular to the n-9-2 plane at an angle ® to the z axis.
B - The polarization ellipse.
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The Stokes parameters are measured by observing the light at a particular
angle © through a fixed retardation plate and a rotating polarizer. Instrumen-
tal polarization can be eliminated by the introduction of a Hanle depolcirizer]3
immediately after the polarizer. The retardation plate may be removed to
measure the linear polarization parameters,

Thin carbon foils were either mounted in holders of various tilt angles, or
mounted on a rotatable x-axis (see Fig. 4) which allowed a continuous varia-
tion of tilt angle a. The rotation of the polarizer was controlled by an on-line
ASI computer in the Argonne experiments 14 or a motor drive control system in
the Toledo experiments 4, Light collected at each step was normalized either
to Faraday cup current, or to a total light yield monitor observing only the
transition of interest,

The first measurements using this Stokes parameter 'rechnique”' 14,15
indicated a very large surface effect in the beam~foil excitation. That is, the
changes in M, C, and S with foil tilt angle a were large compared with their
values at a=0, and the asymmetric surface interaction produced circular
polarization fractions of up to 25%.

3. Magnetic Field Quantum Beat Measurements of Asymmetry Parameters

For the cylindrically symmetric a=0 beam foil source, the excited state
may be aligned relative to the beam z-axis. Thus, a perpendicular magnetic
field will induce a precession of twice the Larmor frequency | of the clas-
sical damped electric-dipole oscillator as the excited ion moves downbeam.
The theory of these magnetic field light intensity modulations has been dis-
cussed in detail by Gaillard et al. 16 for the case of cylindrical symmetry. It
should be noted that a magnetic field parallel to the beam axis will produce
no precession, and consequently no modulations.

When the cylindrical symmetry is broken by tilting the foil, a parallel
magnetic field will induce modulations of frequency w| when the g=1 (for
k=1,2) terms of the density matrix p¥ are non-zero, while the perpendicular
magnetic field will induce both 2wy and w| modulations.

Church et al. 17:18 and Liu et al.1? have observed such magnetic field
modulations, and the phases and amplitudes of the modulations have been de-
scribed in terms of the excited state parameters.2s 18 Hence, both the Stokes
parameter measurements, and the magnetic field quantum beats lead to the
same experimental results — the alignment and orientation parameters of the
source.
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4. The Structure of Unresolved Multiplets

The first verification of atomic alignment in the beam-foil source was the
observation3 of quantum beats from unresolved multiplet structures. We can
expect that the other excited state asymmetry parameters can also be deter-
mined through similar observations using filted foil excitation. Ellis4 has de=-
veloped the general theory, and shown that: (1) atomic orientation, pka]
can be measured through observations of the ’rlme-modulahon of the fractional

circular polarization, (2) the atomic alignment,

describes the time-
modulations of the fractional linear polarization,

and (g) the relative beat am-
plitudes, in the case of multiple frequencies, should remain unchanged, for a

given type of polarization, as the foil tilt angle is varied

We have verified20 these results for the hyperfine structure quantum beats
of 3s35 - 3p3P in 14N IV, which are shown in Figs. 5 and 6.
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Fig. 5. Zero field quantum beats of ' *N IV 3535 - 3p %P, 3480 & in lin-
early polarized light. a - 0° foil, b ~ 45° foil,

¢ ~ fourier transform of b.
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Fig.6. a - zero field beats of MN vV 3s 35 - 3p 3P, 3480 A, in circular
polarized light, foil tilted ot 45°, b - fourier transform, ¢ - energy levels.

5. Theories of the Surface Interaction, and Comparisons with Experiment

Eck21 has attempted to explain the initial results!] of surface induced
alignment and orientation by introducing an electric field perpendicular to the

foil surface. This electric field removes the degeneracy in LmLI and transfers
the alignment produced from excitation in the bulk into a cohergnce between
states of different m . This is similar to the work of Lombardi22 who has
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shown that external electric fields skewed to an aligned excited state can pro-
duce orientation. However, Eck's theory, in particular for 1P states, pre~
dicts that the total polarization fp = \/[(M/I)2+(S/l )2+(C/I)2} will be in-
dependent of foil tilt angle a. We have already shownZ3 that fp changes sig-
nificantly with a and that Eck's simple theory must be modified,

chd23 has included excited state production processes at the foil surface.
He considers the moving ion to have an "active" electron which may be ex-
cited through interactions with the foil electrons and also by the surface poten-
tial barrier as it leaves the foil. It is essentially the interference between
these two terms which gives rise to the orientation and alignment of the ex-
cited state. He obtains the following equations for the Stokes parameters of
light emitted in a 15— 1P transition

S

T~ —Esm2asm(vcosa) (3)
TM= -E+F2c052a+2Esin22a sinz(iv—(:;-sg) (4)
C _ 2 . . . 2 w

T= F sin2a-Esinda sin (m) (5

where E, F2 and @ are constants of the surface, and v is the beam velocity.
These equations are very similar to those of Eck,21 but now the total polari-
zation fraction fp varies with a.

In Fig. 7, we compare Band's theory with our experimental data for
251S—3p1P in Hel at 246 keV beam energy. The results show partial agree-
ment but definite discrepancies appear.

Hermart" has calculated the change in the perpendicular foil excitation
matrix, p(a=0), for non-zero tilt angle a. He adds the contributions due to
collisions between the moving ion and those surface atoms within its forward
hemisphere as it leaves the surface. This introduces an addition due to the
surface atoms on one side and a subtraction due to the lack of surface atoms on
the other side of the moving ion. He then shows that the rank one density ma-
trix components (pk:'I , 0%, A?+) should vary as tan a, while the

rank two components (pk:Z or A§+) should remain fixed.

Thus, M/1 should be constant, as is clearly not the case for the

fransition shown in Fig. 7. The k=1 component, $/I does not vary as strongly
as tana. However, our published results23 for Ne II1 28664, 3s"1D—-3p'IF,
do show a reasonable agreement for M/T and S/1,
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Fig.7. Stokes parameters for 4He [ 25 ]S - 3p ]P, 5016 X, (6= 90°,

E =246 keV) fitted to the Band theory - see Eqns. 3-5. The solid lines
are independent fits to each Stokes parameter. The dashed lines are simul-
taneous fits with E=-0.140, F2=+0,0328, ond @/v=0.73,

The theories of Eck and Band assume that a state of well-defined parity is
produced in the foil interaction. Consequently, the electric field interaction
is a second order perturbation (present through the strong surface fields) and
the Stokes parameters are functions of 2a, 4a, etc. A first order inferaction
should introduce terms proportional to a, 3a, etc., and we have noted ear-
lier 20 that substitution of a/2 for a would indeed give much better agreement
with experiment,
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Lombardi has pointed out that the production of non-definite parity states
in the beam-foil processz6 allows such first order Stark effect processes to oc-
cur at the foil surface. He has derived expression527 for the Stokes parameters
of a 15— TP transition assuming s-p mixing. These can be expressed as expan-
sions of a, 2a, 3a, etc. Thus,

I = IO + I] cosa + 12 cos2a (6)
M= MO+ M] c0501+M2 c052a+M3cos3a+M4cos4a (7)
C= C]sina+C25in20+C3$in3a +C4sin4a (8)
S = S]sina + 52 sin2a (9)

where 1;(i=0-2), M;(i=0-4), C;(i=1-4), and $;(i=1,2) are functions of the var-
ious s and p density matrix elements, It should be noted that Mj= Cj for all
i except there is no Cg, and presumably p-d mixing, etc. would increase the
number of terms in the expansions. For the case of no s-p mixing all a and

3a terms disappear, reproducing Eck's results with only a phase change at the

surface, and Band's results on including surface excitation,

Unfortunately, this more general theory contains a large number of param-
eters (the many density matrix components) and also these parameters should
vary with tilt angle a, since the surface interaction time changes as 1/v cosa.
This last variation is explicitly included in the result of Eck and Band — see
Egs. (3-5).

However, an analysis of our data for Ne IlI, 28664, in Fig. 8 shows an
excellent fit to Lombardi's theory with only a small number of parameters for
tilt angles between 0°and 800, Less precise data for the 4He IZp]P-4d]D
transition at 49224 in Fig. 9 also show good agreement with the theory. The
1/vcosa dependence has been neglected, unlike the fit to Band's theory
shown in Fig. 7.

A fit to the experimental data using the Lombardi theory gives estimates
of various density matrix components. Thus, for the Ne III 2866 A transition,
we find Io =My = Sy = 0. These parameters are proportional to
{olm =0)-o(m =1)} and hence indicate that o(m =0)= o(m =1). How-
ever, we should than have Mg = 0 which is certainly not true. An explana-
tion may be that p-d mixing which should be as strong as s=p mixing has been
neglected,
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Fig.9. Stokes parameters for “He 1 2p 'P - 4d 'D, 4922 A ( 8 =90°,
E=325keV), fitted to Lombardi parameters 1=1, M =-0,167 + 0,162 cosix
C=0, S=0.16sinot - 0.08sin2al,

6. Conclusions

The theories of Eck, Band and Lombardi are all based on an interaction
between a surface electric field and the moving ions. Their treatments differ
in the types of excited states produced. The most general, that of Lombardi,
seems to best agree with experiment in predicting the variations of the Stokes
parameters with the foil tilt angle. Thus, within the limitations of only a few
experimental data and the large number of fitted parameters of the theory, the
surface interaction appears fo be understood.

All experiments to date have taken place in relatively dirty vacuum con-
ditions (about 106 torr), and detailed calculations of the types of excited
states produced by particular foil materials will be useful when the experi-
ments are repeated with clean surfaces in ultra-high vacuum. Such experi-
ments are in progress.
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