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The creation of ~L alignment due to the foil excitation process is demonstrated with
0

the observation of zero-field quantum beats in He 3 P-2 8 3880-A, hydrogen H~, and hy-
drogen Hg emission.

In this Letter we report the first observation
of zero-field quantum beats subsequent to coher-
ent beam-foil excitation of hydrogen and helium.
In order to explain intensity fluctuations previ-
ously observed in He II emission, ' it had been
suggested that the impulsive foil excitation
(-10 "sec) may create a coherent superposition
of atomic wave functions'.

g(t)=pa „u exp ——+i t,
where &J„ is a time-independent atomic eigen-
function, and the a» are expansion coefficients.&N J
The emission, due to the subsequent decay to
some lower level, can then show time-dependent
intensity oscillations for each polarization. ~

However, these early observations can readily
be explained with the coherent mixing of fine
structure (fs) levels of high excited states by the
small motional electric field due to running the
experiment in the earth's magnetic field. ' De-
spite this, the suggested concept of coherent ex-
citation remains of great interest for further ap-
plications of the beam-foil technique. Even in
the presence of the earth's magnetic field, an
experimental test can easily be carried out in-
volving only low excited states where the field in-
fluence in negligible.

H' or He' ions were accelerated to l33 and
475 keV, respectively, and sent through a thin
carbon foil (8 p, g/cm ). Of the emerging partly
excited beam, a 1-mm section (equivalent to a

time resolution of 0.25 nsec) was observed with
a photon-counting system perpendicular to the
beam axis through appropriate interference and
polarization filters. The polarization is defined
parallel and perpendicular to the beam direction,
which is also used as quantization axis through-
out this Letter. The intrinsic polarizing effects
in the detection system were measured to be less
than 0. 5%.

4He I 33P-2 ~ 3889-A emission, quantum
beats with a frequency of 655+ 6 MHz were ob-
served, corresponding to the fs separation 'P, -
'P, of 658.55 MHz. ' They can be described by
I(t) =A exp(-yt)[1 +B cos(E»t/h)], where y is the
decay constant and E» is the energy separation of
the levels involved. The beat amplitude 8 and its
phase (sign of B) change with the polarization di-
rection detected. B~~ =+0.070+0.005, B = -0.040
+ 0.005 [see Figs. 1(a) and 1(b)]. A residual beat
amplitude equal to that of the sum of both polar-
ization directions is found for a measurement
without polarization filter. 8~ =+0.030 + 0.003
[see Fig. 1(c)]. However, only relative intensi-
ties were recorded so that the initial intensity
constant A and the resulting overall polarization
of the emitted light were not measured.

A calculation based on the coherent magnetic
field mixing of initially incoherent ~&M&) wave
functions gives a theoretical beat amplitude in
the earth's magnetic field (0.3 G) of less than
0. 5%%uo for the frequency of interest. ' Consequent-
ly the observed beats with an amplitude of 7%
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must then be due to an initial coherent superposi-
tion of states. This initial wave function cannot
be determined completely in the ~M ~ representa-
tion by the experimental results. However,
based on the necessary condition of impulsive ex-
citation' and on the assumption that spin forces
can be neglected in the atom-foil interaction, the
number of unknowns can be reduced. Only the
relative initial population of the M~ states at t =0,
with the spin randomly distributed, has to be de-
termined. This relates the foil-excitation mech-
anism to electron or ion impact excitation. '
There it is known that the different M~ states ap-
pear incoherently excited in a noncoincidence ex-
periment. Accordingly, the foil excitation cre-
ates a completely incoherent mixture of initial
IMIMs) states with cross sections o, =o, (MI =0),
v, =v„(ML, =+1)=o,(M~ =-1), and o, =o„(M~
=+2) = cr, (M~ = -2). Due to the spin-orbit inter-
action, one obtains for t &0

y(f, IM,M, )) = Q C(I.M,SM, II.SZM, )u,
JNg

where the ~M~s) indicate the initially excited
wave functions out of which the coherent mixture
of l&M~) states develop. The C's are Clebsch-
Gordan coefficients.

Applied to the He quantum beats, one can then
determine the ratio of the cross sections which
best fits the data: o,/o', =0.8 + 0.1 at 475 keV/
atom. Several attempts to possibly fit the data
assuming initial coherence between different
lM~s) states failed completely. This and the
observation of beats with a nonpolarizing detec-
tor at 90 to the quantization axis confirm the
concept of initial foil excitation of incoherent
IM~Ms) states.

The effect of possibly present electric fields
(surface charging, contact potentials, and mo-
tional electric field) on the "zero-field" beats in
the neutral-He emission can be neglected com-
pletely. (Only second-order Stark effect ') The
situation changes drastically when these mea-
surements are carried out on hydrogen. Already
in a small electric field, the linear Stark effect
may cause coherent mixing of the nearly l-degen-
erate fs levels, which may exceed the effect from
the pure excitation coherence. However, consid-
ering the experimental geometry one can exclude
at once surface charging as well as contact po-
tentials from responsibility for the observed
beats in the hydrogen emission. They could not
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FIG. 1. Schematic level diagrams and observed quan-
tum beats of He 33P at 475 keV/atom; H, m=3, and H,
n =4 at 133 keV/atom. Note the different amplitude
scale for H, n =4 and the different time scale for He.
All frequencies are given in MHz. The detected polar-
ization is indicated by ~l for parallel and & for perpen-
dicular to the beam axis. & is assigned to measure-
ments without polarization filter.

produce a field uniform enough to explain the reg-
ularity of the beats. Only the motional electric
field has then to be considered in more detail as
a perturbing influence on zero-field measure-
ments with hydrogen. An estimate has been
made with a Stark mixing calculation" based on
initial incoherent

~
JM ~) wave functions which

shows that up to n = 4 no beat amplitude of the
level pairs of interest exceeds 2% in a field of
2 V/cm (maximum motional electric field in this
experiment). ' This is less than observed [Figs.
1(d)-1(g)]. An additional argument that the re-
corded beats are indeed due to excitation coher-
ence can be based on the beat phases. It can be
shown that they mould not change with polariza-
tion when the coherence is field induced.

Another difficulty arises from the l degenera-
cy. Except for m=2, it is not possible to deter-
mine the beat amplitude of a given j(= l+ a)-
j(= l-2) level pair because of the unknown back-
ground due to the decay of the other E states of
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the same n. Therefore only comparative results
can be given for the Mi cross sections based on
the information carried by the beat phases. Be-
cause of this restriction, it is not necessary to
include the hyperfine interaction, which has a
strong influence on the beat amplitudes but not
on their phases. '

The observed beats in the H emission have an
amplitude with negative phase: 8 It

= -0.030
+ 0.005 [Fig. 1(d)]. They correspond to the d, y,

-
d, ys fs separation (1083.27 MHz)" with a mea-
sured value of &«= 1063 + 30 MHz, which is the
only resolvable frequency with the experimentally
set time resolution for m=3. The change of the
phase with polarization has been checked. From
its sign one deduces a, /(c, +o,) &1 at 133 keV/
atom.

In the Hg emission, a superposition of beat
frequencies is observed; the data can be decom-
posed into frequencies &» = 1390 + 20 MHz and &«
=440 + 20 MHz. They correspond to the fs sepa-
rations p,~, -p@, (1371.07 MHz) and d&-d,g, (457.03
MHz), respectively. From the beat phases one
deduces for the two p states o,/c, &1 and for the
two d states o,/(o', + o, ) & 1 at 133 keV/atom.

An additional slight modulation of the P,g, -P, y,

beats was observed. Its explanation could be
based on the hfs interaction or on the possible
coherent excitation of different l states (s-d).
However, further rigorously field-free experi-
ments, especially extending to longer delay
times, are necessary in order to obtain more
precise data, for a nonspeculative Fourier-analyt-
ical interpretation.

These considerations show that the assumptions
employed for the successful description of the ex-
perimental results need refinement and that the
initial wave functions may not be unique. In this
context also the measurement of the energy de-
pendence of the M~ cross-section ratios in com-
parison with those found in electron-impact colli-
sions' is of great interest for the further under-
standing of the foil-excitation mechanism.

However, with the observation of the zero-
field beats, it has been established that the foil
excitation produces aligned excited states. This
alone opens a wide field for application of the
beam-foil technique to Hanle effect, level cross-
ing, quantum beat, and magnetic resonance ex-
periments, especially on ionized atoms, which
were not easily accessible previously. So far,
experiments of the first three types have been
carried out successfully and will be reported
elsewhere in more detail.
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