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Alignment of helium excited by thin carbon foils* 
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We have measured the linear polarization of the 5016-A, 2s 'S-3p 'P transition of He, excited by a thin 
carbon foil perpendicular to the incident He+ beam at ion energies 50-500 keV. We find that the alignment 
of the 3p 1P term depends upon the beam current density within the range (2-150 µAcm- 2) measured. 
Oscillations in the dependence of both MI I (the linear polarization fraction) upon energy and the current 
density variation of MI I with energy are observed. We discuss possible origins of these variations. 

I. INTRODUCTION 

The excitation of atoms traversing thin foils has 
for some time proved to be a most useful tool in the 
study of atomic structure.1 Nonetheless, very lit
tle progress has been made toward understanding 
the details of the excitation process itself. Thus, 
despite the fact that alignment of atoms traversing 
the foil has been utilized in fine and hyperfine struc
ture studies for a number of years, 1 • 2 even the or
igin of this alignment has not yet been clearly es
tablished. I The relative roles of bulk excitation and 
surface excitation3 have not clearly been delineat
ed; neither has the energy dependence of the align
ment produced been mapped in detail as a function 
of incident beam energy except in one or two iso
lated examples.4 The importance of surface inter
actions was emphasized by a recent series of ex
periments with tilted foils. 5 Attempts to under
stand these results theoretically in terms of a 
bulk effect modified by a surface electric field, 6 

interactions at the surface, 7 geometrical effects, 8 

and electron pickup9 have all failed to agree with 
observation. 

Ions excited by passage through perpendicular 
foils possess cylindrical symmetry of excitation 
and the dipole radiation emitted can then be char
acterized by just two parameters for each excited 
state: the total light yield and a single alignment 
parameter. In an effort to clarify the foil exci
tation mechanism, we have made measurements 
in this simpler geometry. Variations of the light 
yield and alignment with foils of different materials 
have been observed and are described in a separate 
paper.10 We show here that the alignment produced 
depends upon the beam current density in a rela
tively complicated energy-dependent fashion. Thus 
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any theoretical model to explain the origin of the 
alignment produced in the ion-foil interaction must 
also explain this surprising feature. 

II. EXPERIMENT 

Determination of the alignment produced by the 
ion-foil interaction was carried out by measuring 
the linear polarization fraction (relative Stokes 
parameter2 ) iYl/1 of the light emitted perpendicular 
to the beam direction, where 

(1) 

/ 11 and I j_ are ,the light intensities with polarization 
vector parallel and perpendicular to the beam axis, 
respectively. For a perpendicular foil and viewing 
perpendicular to the beam axis, M/1 is specified11 

in terms of the alignment parameter A';:'1 , and for 
the 2s 15 - 3p 1P transition is 

· M/J = -3A~1 /(2 -Ag"1 ), 

where 

Ag01 =(3LI-L2)/L(L+l). 

(2) 

(3) 

Polarization measurements were carried out pri
marily for the 2s 15 -3p 1p transition in He I for 
incident He+ energies ranging from 50 to 500 keV; 
the energy range 60-180 keV was investigated us
ing the University of Chicago accelerator, the 
range 100-425 keV usi:lg the University of Toledo 
Van de Graaff accelerator, and higher energies 
with the Argonne National Laboratory dynamitron. 
Polarization measurements were carried out in 
Chicago and Argonne using a retardation plate ro
tated by a stepping motor followed by a fixed linear 
polarizer, 12 and in Toledo using a simllar system 
employing a rotating polaroid.5 Foil holders of 
markedly different mechanical, electrical, and 

1805 



1806 HIGHT, SCHECTMAN, BERRY, GABRIELSE, AND GAY 16 

.20 

• 12 

-r 

• .... 

2 
I 

4 . I I 
10 

BEAM 
6 

I I I I 
20 

BEAM CURRENT 

--

CURRENT (µA) 
8 10 

I I t I 
30 

I I I 

DENSITY ( µA. cm-2 ) 

thermal properties were employed in the different 
experiments. Measurements were carried out us
ing beams of different cross-sectional areas (fe 
and¼ in. diameter). Normalization was per~ 
formed both to total beam current and total light inten
sity collected by an optical fiber bundle at a fixed 
distance from the foil. Agreement between the two 
sets of measurement in the region of overlap (100-
180 keV) was excellent (see below). 

Ill RESULTS 

Figure 1 illustrates the principal result obtained 
in this investigation: the dependence of M/I upon 
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FIG. 1. Linear polari
zation (M/1) of the 5016-A, 
2s 1s-ap 1p He I transition 
excited by a 5±1-µgcm" 2 

carbon foil as a function of 
ion-beam current. The Ion 
energy is 110 keV . 
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ion current density j for constant foil thickness. 
The figure shows a clear increase in M/I withj 
which is more marked at some energies than others. 
In order to investigate this energy dependence more 
quantitatively, we approximate the variatiori of the 
data with j · at each energy by a linear dependenc~ 
(adequate· within the statistical accuracy attained 
at an energies) and parametrize the rate of j de
pendence of the polarization fraction M/I by the · 
slope oft his curve, S 1 (E) for each ion ertergy E. 
Figure 2 then displays the complicated energy de;_ 
pendence of S 1 • In the energy range studied, there 
are two maxima, one at approximately l<>0 keV and 

FIG .. 2. Rate. of change . 

j 
. of linear polarizati<;>n with 
beam:-current density s1 (E) 

as a function of the .He+ ion 
energy, for the 5016-A, 
2s 1s-ap 1P He I transition, 

, excited by a 6:1:l-f'g cm" 2 

carbon foil. The closed· 
circle!! <•l are measure-, 
ments at Toledo (l0P-430 
k~V); the 9pen cir~l~s 
(0) are measurements at 
Chicago (50~200 keV) and 
Argonne (500 keV).· 

ENERGY ( keV ) 

400 500 



16 ALIGNMENT OF HELIUM EXCITED BY THIN CARBON FOILS •.• 1807 

0.15 

~ 
z 
0 

~ 
i 0.10 

~ 
~ 
:!; 
..J 

0.05 

0 100 200 300 

INCIDENT ION ENERGY (keV) 

a second near 400 keV. Less extensive measure
ments for the 2p 1P-4d 1D transition at 4922 A 
show a similar j dependence of M/1, while mea
surements for 2s 3S -3p 3P at 3889 A show no such 
variations. · 

From the data described it .is possible to con
struct curves showing the dependence of M/1 upon 
incident ion energy at constant beam-current den
sity and foil thickness. The results for the 2s 1S -
3p 1P transition in .He I for beam current density 
extrapolated to zero and forj = 31 µ.A/cm2 are pre
sented in Fig. 3. The confusion in interpretation 
of such measurements which can be caused by the 
current-density dependence is obvious and perhaps 
explains the discrepancy between these results and 
earlier investigations.4 

We have also investigated the beam-current de
pendence of the alignment of the Ne n 3568-A, 3s 11 

2D512 -3P' 2F712 transition with thin carbon foil ex
citation at ion energies between 0.6 and 1.2 MeV. 
Figure 4 shows that within the small current range 
of 0.2-2.0 µA(l -10 µA cm:-2), no variations out
side statistics inM/1 could be detected, andS1(E) =Q. 
In addition, we carried out measurements of M /I at 
constant incident-ion energy for a variety of foil 
thicknesses between 4 and 22 µ. g/ cm2 • Significant 
changes in M / I were observed. However, within 
the statistical accuracy of these measurements, 
the observed charges can essentially be explained 
as effects due to the decrease in energy of the 
emergent beam with increasing foil thickness, in 
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FIG. 3. Linear polari
zation fraction (M/1) of 
the 5016-.A, 2s 1s-ap Ip 
He I transition, excited 
by a 6:1:l-µgcm· 2 carbon 
foil, as a function of ion 
energy. The closed cir
cles<•> are from mea
surements made at beam 
current densities of 31 
µgcm· 2• The open cir
cles (0) are extrapola
tions of our M/1 mea
surements to zero beam 
current. 

accord with an assumption of excitation equilibri
um. 

IV. DISCUSSION 

Since the origin of the alignment produced in the 
ion-foil interaction is not yet understood, it is es
pecially difficult to establish the origin of the 
small changes in alignment with variation of beam 
current density reported here. Nevertheless, it is 
important to discuss possible causes in the hope 
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FIG. 4. Linear polarization fraction (M/1) of the 
3568-.A Ne II 3s' D5; 2=3p'F7; 2 transition excited by a 
5±2-JJ·gcm·2 carbon foll at ion energies of 0.6-1.2 MeV 
and beam currents of 0.5-2.0 A (J=3-10µAcm· 21. 
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that this will suggest a better understanding of the 
basic phenomenon. It is helpful to divide the pro
posed mechanisms into microscopic and macro
scopic effects. 

A. Microscopic effects 

We consider first possible variations in align
ment with direct interparticle interactions in the 
beam. The average separation of particles (d) in 
the ion beam is determined from(d) =(qv/j)1 / 3 _ 

For a beam velocity v, ion charge q, and i_on cur
ent density j, typical parameters (v = 2.2x 108 
cms-1 andj =10 µAcm-2 ) give a value (d)=0.14 mm. 
Thus, direct interparticle interactions seem ruled 
out. On the other hand, indirect interactions are 
also possible. For example, each ion traversing 
the foil creates a wake13 or screening charge lag
ging behind the ion. Recently, Yager and Gemmell14 

have been able to probe experimentally the shape 
and depth of the wake potential in observing molec
ular breakup in thin carbon foils. This polarization 
of the material will decay in times on the order .of 
the inverse plasma frequency wp: that is, in about 
10-14 s. The time between successive ions passing 
through a cross-sectional area A is 1' = (q /jA ). 
Considering the wake to have a width of 50 A (prob
ably an upper limit14 ), we find that 1'"" 0.06 s for 
a current density of 10 µA cm-2 • It is therefore al
so unlikely that a second beam particle can inter
act via this indirect mechanism. Similarly, dis
persion of the "wake" polarization at the final sur
face will occur in about the same time, ~ 10-14 s, 
and the electric field or electron density at the sur
face, which will affect the final surface interaction 
with the beam ions, should be relatively indepen
dent of previous ion-induced surface polarization. 

Trubnikov and Yablinskii15 investigated the p~ck
up of conduction electrons by the moving ion as it 
leaves the surface. However, Cross16 has pointed 
out that the theoretical model used has an unreal
istic cutoff in the conduction-electron distribution 
which leads to the wrong velocity dependence of the 
electron capture probability and also neglects elec
tron capture from target atom cores in the surface. 
Nonetheless, Schrnder and Kupfer 9 have used the 
model of Ref, 15 to derive the alignment and orien
tation parameters of the hydrogen 2p state pro
duced in such an electron capture at a tilted sur
face. We nave extracted froni these calculations 
an expression for the linear polarization (M / I) of 
a p state, excited in our perpendicular foil geom
etry: 

M/I =(l -11)/(l +11), 

where 

11 = ~ _ ___, __ 1 __ ..,.. 
4E. 1 +n(E1 ,E., W) 

(4) 

E 1 is the Fermi energy, Ee is the mean energy of 
a foil electron as viewed from the moving ion, and 
n(E 1 , E •, W) is a complex function of these energies 
and the work function W of the material, which 
varies relatively slowly. E. varies monotonically 
with ion energy, and this formula .as it stands will 
not give rise to the oscillatory variations in M/I 
or SJ (E). 

E 1 might be considered as a parameter, or ef
fective Fermi energy, which is changed by in
creased ion current by, -for example, increased 
secondary-electron production. Secondary elec
trons slowing down in the target can take suffi
ciently long to reach the final surface to change 
the parameters at the surface during excitation of 
a second ion. 

A striking feature of our observations of M/I 
and S1 (E) is their oscillatory behavior with ion en
ergy. Oscillations in cross sections have been ob
served in ion-atom collisions at much lower energy 
due to quantum-mechanical interference in the 
quasimolecular ion-atom system.17 The oscil
lations, whose frequencies are proportional to 1/v, 
have also been observed in the charge state frac
tions iv+ /N' in ion-surface collisions at ion ener
gies 1-10 keV. Tolk et al.18 postulate interfer
ences in a quasimolecular state formed between 
the surface and the exiting atom. Unlike the ion
atom collision in which specific molecular levels 
can be used to estimate the phase interference, the 
appropriate levels in the ion-solid interaction must 
be inferred from the experimental values of the 
oscillation frequencies. 

Although polarization effects have not previously 
been measured in the ion-surface interaction, the 
ion-atom collisions show that the 1/v oscillations 
occur most strongly in the parallel component of 
polarized light emitted from the excited atoms, but 
with large oscillations also in the polarization frac
tion M/I. It is thus tempting to compare our ob
served oscillation in M/I with the ion-surface os
cillations. If we assume two maxima at 100 and 
400 keV energy, we can evaluate the phase inte
gral18 

(5) 

where vu v2 are io_n velocities, h is Planck's con
stant and (ER) is the integral developed in the po
tential difference of two energy levels for inter
nuclear separations R. By substitution, we find a 
value (ER) = 34 eV A, which compares reasonably 
with values of about 20 eV A found from ion-sur
face' charge state oscillations.18 However, further 
maxima in M/I should then occur at lower velocities, 
but none have been observed down to ion energies 
of 15 keV [Tolk and Berry (unpublished)]. Other 
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processes such as electron pickup may dominate 
M/I production at these \lower energies. It is dif
ficult to associate the oscillations in S1(E) directly 
with this "Rosenthal'·• mechanism. 

B. Macroscopic effects 

The change in the linear polarization with beam 
current might be due to structural changes in the 
foil. However, we then observe that these changes 
must be reversible, since the M/I values mea
sured are independent of previous bombardment 
currents. The changes might be of two types: a 
change in the structure of the foil itself, for ex
ample, from a change of temperature (see below) 
or a change in the surface from changes in de
position and evaporation rates. In our vacuum of 
5x1Q-7 Torr, hydrocarbon buildup at the final 
surface is "cracked" by the ion-beam causing foil 
thickening at low beam currents. However, we 
have observed10 that this buildup rate is slow, with 
thicknesses sufficient to change M/I after excita
tion by Au and Ag foils accumulating in times of 
100-2000 s. No changes in M/I are found during 
a buildup on carbon foils. Nor is such a slow tem
poral change in M/1 observed when changing the 
beam current density. The changes occur within 
our time resolution of about 50 s. Such reversible 
structural changes do not seem able to explaih the 
variation of M/1 with beam current. 

The foil temperature increases with increasing 
beam current. Also, increasing the foil thickness 
produces more energy loss in the foil and a con
sequent increase in temperature. We find that the 
energy deposited in the foil is lost radiatively at 
the surfaces, except for low beam currents (less 
than 1 µA for a 5-µ g/cm2 foil) where conduction 
losses become important. We have measured a 
foil temperature of 775 ± 50 °C with an optical pyro
meter, compared to our calculated value of 740 °c 
forabeani current of 12 µAof llOkeVHe+over afa
in. -diam 22-µg cm - 2 carbon foil, assuming an emis
sivity of 0.8 for the C foil. The assumption that the 
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equilibrium is determined by a balance between ·en
ergy loss by the ion beam in the foil and heat dis
sipation mechanisms requires that identical 
changes in MI I result from identical changes in l:!i.E, 
the energy loss in the foil. However, for example, 
at 100 keV, -dE/dx is monotonically increasing19 

and a small increase in the beam energy and a cor
responding increase in the foil thickness should 
have identical effects upon M /1. This is in marked 
contrast with the data, suggesting that a simple 
temperature change, regardless of how it affects 
the M/I production, is not correlated with the ob
served energy variation of S1(E ). 

V. CONCLUSIONS 

We have measured the alignment of the 3p 1P 
state of Hel by observing the linear polarization 
M/I of its decay to 2s 1S at 5016 A after excitation 
by thin carbon foils. We demonstrate that the align
ment is a strong function of beam energy, showing 
oscillation, which we suggest might be due to quasi
molecular ion-surface· Rosenthal-type interfer
ences. We cannot explain our observed variations 
of M/I with beam current density S1(E). This pa
rameter also shows oscillations with ion energy. We 
have discussed above some possible causes of these 
variations. 

Similar polarization variations SJ (E) are also ob
served for the 4922-A 2p 1P-4d 1D transition of He l, 
but no beam-current-density variation (S,) could be 
found for the 3889 A 2s 3S-3p 3PHeI transitions at 
energies between 80 and 180 keV, nor for the 
3568-A 3s' 2D512 -3P' 2 F712Ne n transition between 
energies of 0.6 and 1.2 MeV. 
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