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Equation (15) follows from Eqs. (14a) and (14c) pro-
vided n is a real constant and J'J ~~JJ' +B where B
is a constant matrix. The consistency of the equation
J'J ~~JJ' +B requires IB,JJ' ]~ CB,J'J ]~0. Since

in general depends on y, y, z, and z, we must
take B~PI where I is the identity matrix and P is an ar-
bitrary constant. Taking the trace of Eq. (14b) and us-
ing Fq. (14c) show that p must be real.
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Va =8'aa V

with

g,~ ~diag(+ I, —1, —1, —1) (a, 5 ~ 0, 1,2, 3),

q =v v. =(v) -q q'

J=~t)' & =ft)'X+q 0- Z=q2J ~=g I-q'0'
Jlt =qIIQ~ ~ae

JJ'+J'J~JJ'+J'J ~2q q'I;

JJ'J"=((q'q')q"'+(q" q")q'- (q q")q"
+i [q,q', q"]'jo,.

By way of an example, we use transformation [O,P]
twice (i.e., J J' J") on the trivial (i.e., vacuum E»
—=0) SU(2) gauge field solution JII. In the first step, we
choose P ~0 and take J' ~0~ which is a trivial solution
of Eq. (11) for SU(1, 1) gauge group. In the next step,
we let o.'~0 and P —=2y and parametrize J" [belonging to
SU(2) gauge group again] as

p@ p~, y~ real.

Equation (14b) then implies p+p~2&q. The differential
equation (14a) J' J„'-J" J "~(j' tj")- for j'~oi im-
plies V„~—p;, y. ~p;, p; ~ —p„p-~p, which, with the
constraint equation p+p~2pp, have the solution p
=(25) '(f+f), p=f+&p, f=f(sz+y; sy——z3, f f~, 5
~(I+&), & ~&+&, where f is an arbitrary function.
The action density corresponding to this solution is S
~- s Cl In+~- zQUln(f+f) which for any nontrivial
(i.e., SA0) f always diverges on a three-dimensional
hypersurface of four-dimensional Euclidean space.
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A symmetric deflection of a Na beam by resonant standing-wave radiation has been ob-
served. The combination of absorption and stimulated emission of the two oppositely trav-
eling waves + and ~ results in a net deflection of the beam. The observed magnitude
of the beam deflection and its dependence on the radiation power agree with a calculation
based on the random'-walk picture that the two traveling waves ~+ and cu are utilized ran-
domly in the stimulated-emission and absorption processes.

The deflection of an atomic beam by resonant
traveling-wave radiation ~, has been well demon-
strated experimentally. ' ' In these experiments,
unfocused resonant radiation from an atomic
emission source' or a laser' was impinged from
an orthogonal direction on an atomic beam. An

atom, on repetitively undergoing an absorption
and a spontaneous emission, experiences a de-

flection in the direction of co, . The induced emis-
sion process does not increase the deflection be-
cause the photon momentum transferred to the
atom is opposite to the direction of ~+.'

It has been proposed" ' that if resonant radia-
tion traveling in both directions, ~+ and ~, is
used, the stimulated emission process will rein-
force the effect of the absorption and deflect the
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beam further. It has also been pointed out' that
a Baman process in a standing wave, ' which was
later named a velocity-tuned three-photon proc-
ess, ' has a momentum transfer of three units in
a single step. Such a process has been observed
in a CO, -laser cavity'' and it has been noted
that a velocity-tuned (2l + I)-photon process has
a momentum transfer of 2l +1 photons in one di-
rection. However, this would not apply to very
large /. In this paper we study experimentally
this extreme case by using an intense resonance
standing wave and a Na beam. This experiment
is an optical analog of the rf transverse Stern-
Gerlach experiment" but the result is qualitative-
ly different as described below. This is also an
atomic analog of the Kapitza-Dirac effect" in
which the deflection of an electron beam due to
standing-wave radiation is considered. " How-

ever, the use of resonant radiation force rather
than the Cornpton scattering makes the present
effect much easier to observe. An ingenious ex-
periment of atomic-beam deflection by copropa-
gating resonant radiation has also been reported. "

The theory for the transfer of momentum to
atoms by a resonant standing wave has been ac-
tively studied recently by Kazantsev, "Stenholm, '5

and Cook and Bernhardt. "'" The basic idea of
our experiment can be seen most clearly by ap-
plying the photon momentum picture to the two
traveling waves z+ and w interacting with an
atomic beam. (Fig. I). Four induced processes
are possible: absorption of ~+ and ~ which we
denote co+ and v, respectively; and induced
emission of w, and ~ which we denote + and

, respectively. The processes ~, and ~
push an atom in the +x direction, while ~, and

push it in the -x direction. An atom makes
transitions between the two levels alternately ab-
sorbing and emitting. a photon Sv at a rate given
by the Babi "flopping frequency" of pE/k. Using
a moderate laser- power of 100 mW focused to 0.1-
mm radius we calculate the Habi frequency to be
-1 GHz for the 2, P3gz . 2' $y/z transition of Na,
which is much larger than. the spontaneous emis-
sion rate ~v. with v =1.63 x 10"' sec." Using an
average Na atomic velocity of v =900 m/sec in
the beam and the size of the interaction region of
l =0.2 mm, we find that an atom undergoes in-
duced processes n = pEl/hv -200 times while the
Spontaneous emission occurs only several times
duxing the; transit time t-3X10 ' sec..

The net transfer of photon momeota to an atom
depend8 on which combi, nations of ~, and ~ are.
used, in the stimulated processes: (a) The maxi-

mum deflection in the +x direction would occur
if ~+ and & occur alternately, and that in the
-x direction if ~, and ~ occur. The total de-
flection of the beam then would be proportional
to n and thus to the Habi frequency. (b) The mini-
mum deflection would occur if an atom keeps in-
teracting with only one standing wave. (c) If in
the alternating absorption and stimulated-emis-
sion processes it is random whether (d, or ~ is
involved, then the net deflection results from a
random walk and has a Gaussian shape with a
half-width which is proportional to Kn.

The average deflection 0 of the beam for the
three cases can be estimated as
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FIG. 1, Experimental arrangement.

with f(n) =n for case (a), f(n) =i~ for case (b),'
and f(n) =In for case (c), where I, is the length
of the free-flight regionandm is the mass of the
atom. For n = pEl/hv - 200 as estimated earlier,
there is an order-of-magnitude difference between
the three cases.

The essential elements of our apparatus can be
seen in Fig. 1. The Na beam was produced by
heating Na metal to 380'C in an iron oven with a
hole of 0,1 mm. The coQimator aperture. was 30
cm from the oven and the opening was adjusted
by micrometers attached to the four blades of the
collimator such that the beam size at the ionizing
wire was 0.25 mm vertically; horizontally the
beam was two to three times wider. The slit in
front of the i..onization wire de.tec.tor was 0,1 mm
wide in the vertical direction and its vertical
position was swept by a motor for scanning the
beam profile. The detector was a hot-wire ioniz-
er. of 0.125 mm tungsten grown from W(CO), ..
The Na iong were collected on an electron multi-
plier after a crude mass spectrometer separated
them from the backgx ound. pota, ssium ions from
the wire. The Na beam was chopped at 30 Hz
with toothed wheel driven by a synchronous mo-
tor. The output from the electron multiplier was
processed with a lock-in amplifier and displayed
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FIG. 2. Na-beam intensity profiles. (a) Undeflected
beam (full width at half maximum -0.25 mm). (b) Sym-
metric deQection of the Na beam due to resonant stand-
ing-wave radiation. Rabi frequency was -2.1 GHz.
(c) Laser-chopped signal which gives a difference be-
tween (a) and (b).

FIG. 3. Dependence of the deflection 26 (full width at
half maximum) on the radiation power. Black circles
represent "raw" values without correction. White cir-
cles are corrected values. Curve a represents calcu-
lated values based on the model (a) in the text and
curve c for the model (c). The model (b) gives a straight
line very close to the abscissa.

on a recorder. A stabilized Spectra Physics
580A dye laser provided single-mode resonant
radiation with a power of up to 100 mW. The
laser radiation was focused on the atomic beam
with a lens of 10-cm focal length at a position 5

cm from the collimator slit and reflected by a
concave mirror. The polarization of the laser
electric field was horizontal and perpendicular
to the atomic beam (along the y axis in Fig. 1).
The free-flight distance of Na atoms after the in-
teraction region was 75 cm.

A typical result of the deflection experiment is
given in Fig. 2. In these experiments the laser
frequency was fixed at the maximum of the sodi-
um D, line and the slit in front of the detector
wire was swept. Because of the large Habi fre-
quency of -1 GHz, the setting of the laser fre-
Iluency was not critical. Figure 2(a) shows a
trace of the Na beam without laser radiation; the
half width at half maximum is about 0.13 mm.
Figure 2(b) shows the symmetric deflection of
the beam due to the standing wave. The large re-
duction of the peak and the broadening in the tail
of the beam is clearly seen. The laser power
was 100 mW and the frequency was set at the D,
line. Although no attempt was made to measure
the size of the interaction region directly, some
idea was obtained from the magnitude of the Rabi
frequency. The latter was found, by sweeping
the laser frequency, to be -2.1 GHz which indi-
cated that the focusing of the dye laser was to

better than 0.1 mm. When the reflecting mirror
is blocked so that the atomic beam interacts with
a focused traveling wave, a trace similar to Fig.
2(a) is obtained with a small. shift in the direction
of the traveling-wave radiation. Since such a
shift was too small to be seen in an illustration,
this case is omitted in Fig. 2.

The results in Figs. 2(a) and 2(b) are the "raw"
data in which contributions from that portion of
the Na beam which was not affected by the laser
beam are also included. In order to exclude the
contribution from this portion of the Na beam,
the laser radiation rather than the atomic beam
was chopped (at 30 Hz) and the signal was proc-
essed in a lock-in amplifier. This is equivalent
to taking a difference between the traces (a) and
(b) in Fig. 2. The result is shown in Fig. 2(c).
The deflection (26) of the beam was measured
from Fig. 2(c) by fitting a Gaussian curve to the
lobes of the trace, as shown by the dotted line.

The deflection of the Na beam has been meas-
ured as a function of dye-laser power from 5 to
100 mW. The results are plotted in Fig. 3. The
black circles represent values which are directly
obtained from the measurements. The scatter is
mainly due to unavoidable slight misalignment of
the laser radiation with respect to the atomic
beam for different runs. If we normalize the set
of measurements in a given run by adjusting one
value of the set to the theoretical curve, we ob-
tain values represented by the white circles in
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Fig. 3. The theoretical curves for the cases (a)
and (c) described above are also shown in Fig. 3.
In drawing the latter, the laser electric field was
estimated from the power broadening. It is seen
that both the absolute value of the deflection and
the power dependence of the deflection indicate
that case (c) is occurring.

One complication arises due to the fact that the
Na atom has two hyperfine levels with F = 2 and 1
in the ground state, and the optical transitions
starting from these levels are separated by v,
—v, -1.77 GHz." Therefore if we set the laser
frequency to the transition from the F =2 level,
the other transition is off resonant. The deflec-
tion of the Na atom in the F =1 level is then esti-
mated from n = (p,E/h)'[(v, —v,)'+ (ij, ,E/h)'] '~'t

rather than from n = (p2E/h)t.
In conclusion, our observation agrees with the

random-walk picture, i.e., case (c). This is in
contrast to the stimulated processes in traveling-
wave radiation where case (b) applies and to the
velocity-tuned multiphoton processes where,
since an atom is "forced" to interact with ~, and

alternatively, case (a) applies.
Contrary to our intuitive photon-momentum pic-

ture, most of the previous theoretical papers" "
use a classical treatment for the interaction be-
tween the standing-wave radiation field and the
atomic beam. Cook and Bernhardt" have obtained
a result which is formally identical to the Fraun-
hofer diffraction of a plane wave by a sinusoidal
phase grating, i.e., the atomic beam is diffracted
by the periodic amplitude of the standing wave
(the picture originally proposed by Kapitza and
Dirac" ). It is interesting to note that their theo-
ry predicts an average momentum transfer which

agrees with our case (a) (apart from a constant
factor). Essentially the same result is obtained
from the classical picutre of Kazantsev"' "by
using bp„=Ft =-t8U(x)/8t with a standing-wave
potential energy of UQ) = —pE coskx. Such cal-
culations agree with the result of the transverse
Stern-Gerlach experiment" but differ both in the
order of magnitude and the field dependence from
what we observed.

Cook and Bernhardt considered a case where
the effect of recoil and Doppler frequency shifts
are not negligible and obtained a maximum mo-
mentum transfer [Eq. (27) of Ref. 16]; their re-
sult has the same field dependence as our case
(c) but the magnitude of the deflection is larger
than our observation by a factor of -3. Kazantsev
et al."gave a similar formula considering the
randomness of each atomic position with respect

to the standing wave. For an ideal situation of a
completely collimated beam (Ap„=0), such a con-
sideration is irrelevant, but for our atomic beam
of ap„/P -3x10 ', the position uncertainty Ax
-5/Ap„-100 A is still smaller than the wave-
length of the radiation.

It should be noted that in our random case (c)
which agrees with the observation, the effect of
coherence is completely neglected. Whether a
more complete theory will actually predict effec-
tively such behavior or whether our result has
been brought about by some randomizing process
(such as spontaneous emission, weak collisional
interaction, or a nonideal experimental setup) re-
mains to be seen. Finally, we note that in order
to test the features predicted by Cook" or even
the finer diffraction "pattern" of the beam, an
atomic beam with much higher collimation is
needed.

We have profited from discussions with A. Bam-
bini, A. H. Bernhardt, M. Bloom, R. J. Cook,
and U. Fano about the interpretation of our ex-
perimental results.
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We report striking non-. Franck-Condon vibrational intensity distributions associated
with the shape resonance in the 50 photoionization channel of CO. This example con-
firms the recent theoretical prediction that shape resonances will couple significantly
with vibrational motion, leading to different resonance energies and profiles, and non-
Franck-Condon intensities in alternative vibrational channels. Analogous effects are
expected in connection with the widespread occurrence of shape resonances in both inner-
shell and outershell molecular photoionization spectra.

The prominent role of shape resonances in mo- 5o photoionization channel of Co. This class of
lecular photoionization has gained wide recogni- phenomena will play a central role in vibrational-
tion in the last few years. Their identification' ly resolved photoelectron studies conducted over
in the innershell and outershell spectra of a grow- the broad and continuous wavelength range afford-
ing, diverse collection of molecules has led to ed by synchrotron radiation sources.
the study of their role in partial photoionization The effect arises' from the quasibound nature
cross sections' ' '"' and photoelectron angular of the shape resonance, which is localized in a
distributions. ' '' Recently, a new manifestation spatial region of molecular dimensions by a cen-
of shape resonances has been predicted4 by theo- trifugal barrier. This barrier and, hence, the
retical studies of the effects of vibrational motion energy and lifetime (width) of the resonance are
on the quasibound states. In particular, shape sensitive functions of internuclear separation and
resonances were found to induce significant coup- vary significantly over a range of R correspond-
ling between the escaping photoelectron and the ing to the ground-state vibrational motion. In an
vibrational motio~ of the nuclei which is manifest- adiabatic treatment, the net dipole amplitude for
ed as large, energy-dependent deviations from a particular vibrational channel is obtained by
Franck-Condon (FC) vibrational intensity distribu- averaging the R-dependent dipole amplitude,
tions over a broad spectral range encompassing weighted by the product of the initial- and final-
the resonance. In this Letter, we present the state vibrational wave functions at each R. Ac-
first experimental evidence for this behavior in cordingly, transitions to alternative vibrational
connection with the a-type shape resonance in the levels of the ion preferentially weight different
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