VOLUME 35, NUMBER 19

PHYSICAL REVIEW LETTERS

10 NOVEMBER 1975

H7,, E. Snyder and J. M. Hollis, to be published.
2¢, H. Townes and A. L. Schawlow, Microwave Spec-
troscopy (McGraw-Hill, New York, 1955), p. 19.

BporyaToM (Version 2), Quantum Chemistry Program
Exchange (Department of Chemistry, Indiana Universi-
ty) (unpublished).

Alignment and Orientation Effects in Beam-Foil Experiments*

Yehuda B. Bandf
James Franck Institute, Univevsity of Chicago, Chicago, Illinois 60637
(Received 19 November 1974; revised manuscript received 25 June 1975)

I present a theory of the orientation and alignment of atoms observed upon emergence
from tilted foils. The interaction with the foil surface is taken into account in the pro-
duction process of particular states. Once they are produced, the evolution of these
states, under the influence of the residual field near the surface, is calculated in the
fashion introduced by Eck. The most general effect of this evolution is presented.

Light emitted from fast atoms emerging from
foils tilted with respect to the beam axis has
a nonvanishing component of circular polariza-
tion.»? This indicates a net angular momentum
of the excited electronic state along the axis of
the circular polarization. I present the theory
predicting and describing the orientation and
alignment of excited atoms or molecules that are
produced in collisions with foil targets.

Let the normal to the plane of the foil (Z) make
an angle « with the beam axis (£), as in Fig. 1
of Ref. 1, and let the light be viewed along the %
axis. The circular polarization is proportional
to the atomic orientation parameter defined by®*

0, =((e"| J,19)) /3,(j,; +1)

where the states | i) refer to the excited states
produced and j; is the angular momentum quan-
tum number of the states. If we quantize the an-
gular momentum of the excited state about the
viewing axis %,

Oodet :Ei mio(mi)/ji(jl +1)Zh U(mk) ’

where o(m,) is the cross section for producing a
state with azimuthal quantum number m,;. Un-
equal populations of states with quantum number
m and —m, a requirement if 0,%® is to be non-
vanishing, can arise only if an axial vector can
be constructed in the direction of the ¥ axis.
Such a vector is given by kX where k is the mo-
mentum of the fast particle. The circular polar-
ization dependence and thus the atomic orienta-
tion effects must therefore originate with the in-
teraction of the incident particles with the sur-
face as a whole. This is true of the alignment
parameter A,,*. This interaction must be includ-
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ed in the description of the production process of
the excited states. The energy associated with
the interaction of the beam with the foil surface

is quite large and thus its inclusion in the produc-
tion process is imperative. The effect of the foil-
surface interaction upon departing atoms in their
final excited states, if the interaction is divorced
from the creation process,® is not sufficient to
explain the observed phenomena.® That is, the
precession of the multipole moments of excited
states due to this interaction potential does not
describe the observations.

Consider the excitation of the atoms or mole-
cules in the beam from some initial electronic
state | B) to a particular state of the manifold
| i) of interest.” Assume the excited states of in-
terest can be characterized as excitations of on-
ly one electron. The “active” electron of state
| B) may interact with electrons in the foil to
cause excitation. However, there are interac-
tions with the surface as a whole, as well as the
interactions within the interior of the foil be-
tween electrons bound in the projectile and foil
electrons. Inside the solid electrons experience
an average potential determined by the work func-
tion ¢ plus the Fermi energy €;. Positively
charged particles encounter the negative of this
potential. These potentials which abruptly end at
the vicinity of the surface are also capable of
producing excitation of | 3). The essential differ-
ence between the atom-surface interaction and
the interactions between atom and bulk electrons
must be stressed.

The cumulative foil-surface interaction with
the atomic core plus active electron must be de-
scribed by a separate term in the transition ma-
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trix for the excitation. This collective many-
body effect is treated through the effective sur-
face potential, which may be obtained by consid-
ering the bulk properties of the media. The tran-
sition matrix element, T,, for excitation from

| B) to the | i) manifold (the |nlm) states with m
defined with respect to the X axis) is given by the
sum of the bulk interaction potential term and the
surface interaction potential. In what follows the
detailed structure of the potential between the jth
foil electron and the core of the atom, V,(R-T,),
the ]th foil electron and the active electron,

-V (R+r -r ;), and the surface interactions

Vo6, (R+#%) and — Vo0, (R+r )+ #) on the core and
active electron will not be specified. Their ac-
tual form is not necessary for the analysis to
proceed; I have done calculations with specific
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FIG. 1. Definition of position vectors, Ris the dis-
placement from origin of coordma’ce system to center
of mass of atomic core (C), rc is the displacement of
bound electron (¢) from core, rA is the displacement of
jth foil electron (¢’) from core, T is the displacement
of the jth foil electron from origin, # is the normal to
foil,

microscopic models, but these are not important
to the general theory that follows here. It should be noted that a surface charge on the foil could be in-
cluded in the surface interaction terms 6.

T, is given by

T, =21)2[d°R [ a% expl-ik'*[R+T, /(M + D]}y, *E,)

(M| 3, VR =F) = V,R+T, =T )+ Vol 0,(R: 2) - 0 AR +T,)-D)]| M)

x exp{ik-[R+T,/(M, + D)}, (F,). (1)

The position vectors employed are def1ned in Fig. 1. M, is the mass of the core of the atom (the pro-
ton in the case of hydrogen atoms), K and k’ are the 1n1txal and final momenta of the atom (in atomic
units), R+rc /(M_+1) is the center of mass of the atom. The plane wave factors incorporate the initial
and final translation of the atom. The state vectors | M) and | M’) are the electronic states of the foil
before and after excitation; ¢, is the initial eigenstate of the particle in the foil (which might differ
considerably from the free atom state because of the influence of the foil electrons). The first two in-
teraction terms are the sums of the two-particle potentials between the bound electron in the atom and
the foil electrons, and between the core of the atom and the foil electrons, respectively. The remain-
ing interaction terms describe the effective surface potential which contains the discontinuity at the
foil surface. V,is given by (¢ +€;). The form of the arguments of the 6 functions, rather than their
detailed analytic structure (which would be of the general shape of a rounded-step function plus sur-
face-charge contribution) is what matters. The last two terms of the interaction potential are explicit-
ly independent of the foil electronic wave functions so that performing the integrations over Fj yields
6, for these terms (thus indicating a collective excitation).

Performing the integration over R in Eq. (1) and simplifying, we obtain
M+ D1}, ¥ @)LV

T, =(2m)" [ @ exp{iq-| T, /( (@) = V(@) exp(=iq-T )] (M'| 3, expliq-T,)| M)

+V, (277)2 z(qN)[F (g.)-F (Q_L)exp(-u]_l_ MM}%(r ), (2)
where V(q) = fdgp exp(zq p)V(p) F(qL) fdpj_ exp(iq,p,)6(p,), and where we have defined the momen-

tum transfer q = k- k’ Q= q-uu and q; =q-q.. For simplicity take 8 to be a spherically symmetric
state. Similar conclusmns are obtamed when using an arbitrary state with equal populations in sub-
states of all azimuthal quantum numbers, to assure a spherically symmetric density matrix for the
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states B. The m and a dependence of the transition matrix element reduces to

2
Tyt { Fouss ((—M‘Q—n> [V.@F,r, y@Y (@) + V(20 0% (0,0 4y ¥, (@)
2 2
R A e AT PR PR A TR R AR } ®
where F,.,(q@) is the foil form factor (M]3, exp(iq-T )| M) and f,, 5(p?) is the radial part of the Fouri-
er transform deT exp(ip-T, im0 (T,) . Although Eq. (3) is derived from Eq. (1), which is an ap-
proximation because the exact scattering wave function ¢'*) was not used, the symmetry properties
and the o dependence of the present results are not drastically modified. However, I have not includ-
ed terms with the surface interaction acting upon a non-spherically-symmetric component of the den-
sity matrix which may be present before encounter of the surface. Consideration of such terms will
follow elsewhere.
Take the azimuthal angle in the y-z plane in a counter-clockwise direction from the y axis as viewed
in Fig. 1 of Ref. 1. The dependence on m and a of T, is given by

T, =Anl, B, M, M")Y,,*(@) + BB, ,,02(d, )P, ,(0)e™ tmetm/a 4)

where the coefficients A and B are easily identified from Eq. (3). However, before expectation values
of any operator are taken we must account for the precession of the | i) manifold states due to the ef-
fective potential. Once the states in the manifold of interest are produced, that part of the effective
potential which does not completely vanish past the edge of the surface is still capable of modifying
the density matrix as the atoms move away from the surface. The surface interaction is thereby in-
cluded in the production mechanism and the precession of |i). Neglecting either yields predictions
that differ with experimental results.® The precession coefficients which account for the angular fre-
quency variations due to the effective potential are

n),

where « is along the direction normal to the foil and v is the particle speed. The expectation value of
any operator O in the |i) manifold is given by
<O>— Z OHI-‘ um “rml*<Tmep*>'a,
mm’ !
where the brackets indicate average over initial states and the sum over final states (integral over al-
lowed q space). The B, , are most easily evaluated by interposing a complete set of states o in the |7)
manifold, quantized along the # axis,

-3, (1] o) emp (om0, (0'|m) =D 0, ey e (ke )0, (),

s if, = Vo0,(u)du
B m=(u|expzf0 Hdt|m)= <u‘exp"'L—1'}"EQo—s—J——

where the D’s are rotation functions, (a’f’y’) are Euler angles for a rotation of % to #, and w,,, are
integrated angular frequency phase factors which clearly depend only on the absolute value of o. Using
this expression for B, and Eq. (4) we compute (L,), (L,® = L,?), (L,L,+L,L,), (L,?) to evaluate
the Stokes parameters which can be formed from these expectation values. The analysis® for an I=1
manifold yields the results®

S/I = -E sin2a sin(w/v cosa), M/I=-E +F”cos2a +2E sin®2a sin®(w/2v cosa),
C/I=F®sin2a —E sinda sin*(w/2v cosa), (5)
where E and F? are functions of A and B of Eq. (4) and therefore energy dependent, e.g.,

 B%)3
(| A|?P,,® (cosb )+|B|2}* ’

(| A|%P,,%(cosb,) cos2¢, )z

F?=
QIAIZPMZ(COSQ )+ Biz)" ’

E=

(| B[z};I is proportional to (v cosa)™?, and w is the difference between the phase factors for the degen-
erate states 0=1,~1 and 0=0. The most general result is obtained by performing the calculation with
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a complex value of w, thus accounting for the relative change of amplitude of the 0=1,~1 and 0=0
states as well as the phase change between them and thereby generalizing the result of Eck.

For amorphous materials, the bumpy character of the surface may be taken into account by folding
these results with the probability distribution describing the random deviations from the macroscopic
tilt angle of the surface. For materials with small deviations this consideration is unimportant, and
it has been neglected by all previous authors in this spirit. The detailed analysis of these constants
can be carried through using specific models for V,, V,, 6., and 6,. Setting w=0 would correspond
to ignoring the precession of the | i) manifold. Taking F?=0 corresponds to neglecting the foil surface
interaction upon the production process of |¢). If w/vcosa is small, as may be the case for a<<7/2
(except if there is a net residual surface charge), sin(w/v cosa) can be replaced by its argument. The
analysis for manifolds with larger [ values can be carried out similarly.

Charge capture processes might also contribute to the orientation. As a proton passes through the
foil it may pick up a foil electron into an |nlm) state. The transition matrix element for the charge
capture process is given by*°

T, =@-}r? [ d*Re ik R <M", exp <;ch +I‘1A>\IIH,M(FA)
where 1, is defined in Fig. 1. (M”, exp[(iﬁ’-FA)/(Mc +1)] ¥ (¥,)| is the antisymmetrized product
state of the electron about the core with the remaining electron wave function of the solid. For the
free electron jellium model of | M) it can be shown that the surface term does not contribute and the
only effect of including charge capture is an additional contribution to A in Eq. (4).

The parameters of the theory can be chosen to fit within experimental error the existing data for the
o dependence of the Stokes parameters for the light emitted from excited atoms in beam-foil collisions.
There is a wealth of information concerning the dependence on the foil properties, the excited-state
manifold, projectile energy, etc., yet to be extracted experimentally and theoretically. These con-
siderations as well as quantum beat phenomena in the Stokes parameters are now being studied.
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8The correct analysis begins with the expression for the intensity of light with polarization vector € as

I1=C), @eT If ) FIexTI)(T; T %)z
fii’

may be put into the form

I=C, @& TP (X", D) exTli) (T; Ti%),,
ii’

where P, is a scalar which depends upon ;. The expressions for the Stokes parameters obtained from this expres-
sion contain the dependence upon I; through the coefficients RW Cily) [defined in Eq. (8) of Ref. 4].
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