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Coherently excited atoms in external electric fields*
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(Received 14 May 1974)

Various manifestations of coherent mixtures of even- and odd-parity eigenstates of collision-excited
atomic hydrogen in external electric fields are discussed on general grounds. We show that when even-
and odd-parity states are coherently excited, application of an electric field perpendicular to the velocity
axis induces orientation in the originally unoriented atoms. Circular polarization of the decay radiation

is an observable consequence of the orientation.

Recently, Eck' proposed a measurement of Ly-a
radiation designed to detect coherence of the n =2
S and P states of beam-foil-excited hydrogen. The
proposed experiment? consists of measuring the
intensity of Ly-ao emitted by atoms in an electric
field alternately parallel and antiparallel to the in-
cident-beam velocity V. The difference of the two
intensities is directly proportional to the magni-
tude of the density-matrix element og,. In this
Comment we explore some further manifestations
of SP coherence of hydrogenlike ions in electric
fields. The main point we emphasize is that the
emitted radiation is circularly polarized along the
$xE axis if there is SP coherence, even if E is
perpendicular to ¥. This phenomenon, due to the
first-order Stark effect, is somewhat similar to
the production of atomic orientation by the second-
order Stark effect® in nonhydrogenic atoms by an
electric field neither parallel nor perpendicular to
the beam axis. Since both effects coexist in hy-
drogenic ions, we shall discuss how effects due to
SP coherence are distinguished from those due to
non-SP-coherent excitation.

Our discussion utilizes the concepts of alignment
and orientation. Orientation of an atomic state is
specified by the mean value of the electronic angu-
lar momentum J and alignment by the mean value
of second-rank tensors constructed from the com-
ponents of J. The mean value of the tensor com-
ponent 3J2 —J2 is of particular interest here and
will be referred to simply as the alignment.

In this study it is desirable to avoid the use of
perturbation theory since a large coherence signal
requires fields sufficiently strong that the S and
P states are completely mixed. We will demon-
strate the existence of the various coherence prop-
erties using only general symmetry arguments,
and defer any results of detailed calculations and
specific applications to subsequent publications.
The mathematical arguments will be illustrated by
a simple pictorial representation of the various
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effects.

The intensity of radiation is expressed in the
form*

1t)=C Y (i| exp(iH t|1) Sexp(=iHt[R) )0,
i

1)
where S is the monitoring operator, H =H,+ V is
the Hamiltonian, and C is a constant. The unper-
turbed Hamiltonian includes the fine and hyperfine
structure and a damping term. The damping term
is a diagonal matrix whose elements are —%I‘“,
where T';; is the decay width of the jth state. The
perturbation Hamiltonian V is the electric poten-
tial energy —eE-F. The measurement operator is
given in terms of a real or complex polarization
vector € by

Se= & F|0)0fe*-F, 2)

where 0 refers to the quantum numbers of the low-
er level of the observed optical transition and the
summation is over all fine and hyperfine sublevels
of this lower level. Since S is quadratic in T, it
commutes with the operation P of inversion of
electronic coordinates. We will use this inversion
symmetry to demonstrate that the difference be-
tween the intensity I(E, ¥) with E and ¥ along speci-
fied directions and the intensity with the field re-
versed, I(-E,¥), or with ¥ reversed, I(E, V), is
proportional to the SP-coherence term, or more
generally to the even-odd coherence terms.

Since the initial state of the system composed of
the internal variables of ion plus target is invari-
ant under inversion, we have

O'ji(—V) =P0ji @)P:(_I)Li'LJO’“(V). (3)

Similarly, the Hamiltonians relating to E and -E
are related by P according to

PH,+V)P=H,~ V. @)

Since P?=1 and P commutes with S, it follows that
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I-E%)=C Z (i |P exp(iH Tt|n)PS P exp(~iH t/H)P|j)o,;
if

=C Z (—I)Li_Lj(il exp(iH t/n)Sexp(=iHt/R)|j)o,;
ij

=I(E, =9).

In both cases we see from Eq. (5) that only the odd
AL terms, i.e., the SP-coherence terms, contrib-
ute to the difference between the + E or +V intensi-
ties. This result is essentially similar to Eck’s
weak-field result.! The only consequence of a non-
perturbation analysis of Ly-« is to multiply og,,
by a more complicated but fully calculable function
of time.

We now consider measurements of light polariza-
tion as additional sources of information. This in-
formation will be represented in terms of two
monitoring operators which are irreducible com-
ponents of the tensor § =33, %/|0)(0|F. First we
consider linear polarization or, more precisely,
the difference of the intensity seen by a linear po-
larizer and one-third the average value of the in-
tensity. This is proportional to®

SBl =N(zz" =rr'/3)PF', T),

where P; (', T)=),/0)(0], N is a normalization
constant, and the z axis is parallel to the axis of
the polarizer. The total light emitted in one par-
ticular direction, the z direction say, also mea-
sures the mean value of S?!; since

[ex” =577") + 0y’ =597"))P, == (22" =vr'/3)P;.

Owing to the inversion symmetry of S®}, this
operator will be represented by a straight line,
not an arrow, in our pictorial models.

Second we consider circular polarization, which
represents the difference between intensities with
polarizations €, = (x£iy)/V2, i.e.,

St =31y’ —yx') Py (6)

Within a particular level, the mean value of $?!,
is proportional to the alignment expressed as the
mean value of 3J2 —J2, and the mean value of %
is proportional to the orientation expressed as the
mean value of J,. SinceJ, is the operator for an
infinitesimal rotation, it will be represented by a
sense of rotation around a straight line. Owing to
their properties when one reverses Eor¥ [(Eq.
(5)], the beam and the field are represented by
arrows for SP-coherent excitation and E{y straight
lines for non-SP-coherent excitation.

We will discuss the inducing of alignment and
orientation of the excited state or, equivalently,
linear and circular polarization of the decay radia-
tion, by exhibiting operator equations which relate

®)

r

the time variation of one operator to the instantan-
eous value of another whose initial mean value is
nonzero.® In the situation considered by Eck with
E|[¥ the SP coherence has two effects: It alters
both the total light intensity and its linear polariza-
tion. Here the appropriate equations of motion
are, with P the electronic linear momentum in the
center of mass,

d o ir2 =T _ox.
dtp——l[p’—r E]" 2p

st

M
2y -p) =205, -5 D),

since by the Wigner-Eckart theorem the mean val-
ue of p° is proportional to the light intensity and
the mean value of p2 —4P? is proportional to the
alignment. Now the mean value of p, is proportion-
al to the imaginary part of 0gp,; thus the light
emitted in any direction, i.e., the alignment, will
alter as long as E,+0 and 05,,#0. When E, =0,
the mean value of the right-hand side of Eq. (6)
vanishes, and altering the sign of E does not influ-
ence the intensity measured in any direction in
first order, although it may be altered in higher
orders, or by particular polarization components.
We will now show explicitly that the light intensity
emitted perpendicular to ¥V is unaltered by changing
the direction of -FE, when E-¥=0. On the other hand,
light polarized neither parallel nor perpendicular
to V is sensitive to field direction even when
E.v=0.

We use reflection symmetry in the plane perpen-
dicular to ¥V to demonstrate the first point. The
pz wave function changes sign under this reflection,
but the Hamiltonian is unaffected, as is the opera-
tor ~(zz' —=§77')P;. It follows that the coefficient
of 0gp, in Eq. (1) equals the negative of itself and
must vanish, and then that any variation of intensi-
ty in this experiment is related to non-SP-coherent
excitation.

Now consider the difference between two align-
ments at £45° to the beam axis (Fig. 1). This dif-
ference relates to the mean value of the operator

Debs 0.0 =5 (0o +0° = 50°) = [2 (px =02 =5 2",
and from the operator equation

d
a‘t—'(pxpz +psz)_2szx (8)
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FIG. 1. Alignment at +45°. With SP coherence, case
(a), +45° (line 1) and —45° (line 2) are distinguishable,
while without SP coherence, case (b), the two lines are
indistinguishable. Correspondingly, the two alignments
are unequal if there is SP coherence, but are equal with-
out SP coherence.

we see that this difference does not vanish if there
is SP coherence. In our representation of Fig. 1
detection arrangements (1) and (2) are clearly
equivalent in case (b)—of non-SP-coherent excita-
tion—but are inequivalent in case (a)—of SP-co~
herent excitation, so that we detect in this case
only signals related to SP-coherent excitation.

Finally consider orientation (Fig. 2). The vector
) can have no component in the plane of E and ¥
owing to reflection symmetry in this plane. When
vLE, the plane perpendicular to ¥ is also a plane
of symmetry for non-SP-coherent excitation. Ac-
cordingly the axial vector J can have no component
in this plane. On the contrary with SP coherence
we have orientation according to

— J=-etXE, )

where the mean value of T is proportional to the
real part of 0gp,. Note that now (F)xE and hence
(3) are perpendicular to V. Correspondingly, in
Fig. 2 in the case (a) of SP-coherent excitation,
the two senses of rotation about E x¥ are distin-

X
E
N > z
J v
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\
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(b)

/
57 v °
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FIG. 2. Sense of rotation determined in case (a) with
SP coherence. Without SP coherence, a sense of rota-
tion is determined only if E and v are neither perpen-
dicular (b) nor parallel. Figure 2(c) shows such a case.
Here a sense of rotation is defined. Corresponding to
this rotation, a nonzero mean orientation (J,) is induced.

guishable, while in the case (b) of non-SP-coherent
excitation they are not. The previously noted ef-
fect of orientation with non-SP-coherent excitation
exists only when E and ¥ are not perpendicular.
Figure 2(c) shows that in this case the two senses
of rotation are indeed distinguishable.

It often proves convenient to apply a magnetic
field B at right angles to ¥ to induce a motional
electric field E = ~ (¢/c)Vx B on the moving atoms.”
This must be avoided in studies of SP coherence
since it gives very confusing information. If one
neglects spin effects, the only effect of the mag-
netic field is to rotate the wave function as a
whole. In this case, with Band E perpendicular
to ¥, this rotation makes the collision-induced di-
pole moment nonperpendicular with respect to E.
The mean value of D+ E is nonzero, and the intensi-
ty will depend upon 0g,,. This intensity is never-
theless unchanged when one reverses the direction
of B (and therefore of E), because the sense of
rotation also changes. Moreover, if one takes into
account spin-orbit interaction, there is an orienta-
tion signal in the B=9xE direction due to spin un-
coupling,® even in the absence of an electric field
and SP coherence.

In summary, applying an electric field to excited
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hydrogenic atoms induces both alignment [Eq. (6)]
and orientation [Eq. (8)] if there is SP coherence.
Such induction of orientation is favored when E
is perpendicular to ¥, but alignment tends to be
induced for all directions of E. Orientation by a
field acting on aligned atoms occurs only when E
and ¥ are not perpendicular and can therefore be
distinguished from alignment by a field acting on
SP-coherently excited states.

Similarly alignment induced by SP-coherent ex-

citation can be distinguished, when ¥ is perpen-
dicular to f‘., from that due to non-SP-coherent ex-
citation because the alignments are not in the same
direction.

We emphasize that all of our considerations are
quite general and apply to any group of hydrogenic
states with principal quantum number %.
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