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If one of the incident particles in an atomic
collision is polarized and the polarization of
one of the product particles is measured, use-
ful information about the collision process may
be obtained. Notable examples of this kind of
study in atomic physics are the work of Lich-
ten and Schultz, ' who measured the polariza-
tion of hydrogen atoms in the 2'8», state pro-
duced by electron bombardment of polarized
ground-state hydrogen atoms; of Bederson and
co-workers, ' who measured the change in po-
larization of ground-state potassium atoms
produced by collisions with electrons; and of
Pritchard, Burnham, and Kleppner, ~ who stud-
ied spin exchange in differential scattering of
polarized alkali atoms on other atoms and mol-
ecule s.

The spin polarization of electrons can be mea-
sured by the Mott scattering. method which is
based on a spin-orbit coupling effect leading
to an azimuthal intensity asymmetry in the wide-
angle scattering from a thin gold foil at ener-
gies on the order of 100 keg. This method was
widely used in work on beta decay4 and is now
a very useful tool in atomic and electron phys-
ics. It has been employed in work on photoion-
ization of polarized alkali atoms and on spin-
orbit interactions in low-energy electron scat-
tering from heavy atoms and molecules. 6

In the experiment reported here, Mott scat-
tering was used to determine the polarization
of the electrons ejected in collisions between

fast, polarized metastable deuterium atoms'
and the atoms or molecules of a diamagnetic
target gas. Although it is not possible to pro-
duce a pure beam of metastable deuterium atoms,
D(2$), free of ground-state atoms, D(lS), the
measurement can be done because the collision-
al ionization cross section is much higher for
D(2S) than for D(lS).' The electron polariza-
tion gives information about the dominant ion-
ization process. If the deuterium atoms have
an electronic polarization of unity, electrons
produced in a direct knockout from the deute-
rium will also be completely polarized. Elec-
trons knocked out of the target gas will have
zero polarization. Another possibility is that
the D(2S) atom picks up one electron from the
target gas to form a negative ion which subse-
quently autoionizes. This process would lead
to a partial polarization of the electrons. The
latter process appears to be the most likely
one since a direct knockout from the D(2$) atoms
would lead to fast positive ions, whereas it was
found that the number of slow ions produced
is about equal to the number of electrons eject-
ed. The assumption of ionization via autoion-
izing negative-ion states is also supported by
the observation that a stable singlet state of
D can be formed in this type of collision. o

The experimental setup is shown schemati-
cally in Fig. 1. The metastable deuterium atoms
were obtained by a charge-exchange process
in which deuterons pick up electrons from ce-
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FIG. 1. Schematic diagram of the apparatus {not to scale). The plane of the Mott scattering is perpendicular to
the plane of the diagram rather than as shown here.

sium preferentially forming the n = 2 state of
deuterium. " At deuteron energies from 500
to 1000 eV, about 25'%%uo of the neutral particles
emerging from D+-Cs collisions are in the D(2S)
state; the rest are in states that decay imme-
diately to the D(1S) state. " The remaining charged
particles were removed from the beam by an
electric field weak enough to avoid excessive
Stark quenching of the rnetastable atoms. The
D(2S) atoms then entered an axial magnetic field
of 575 G where, because of the crossing of the
D(2'S,', Mg= =, ) and D(2'P~, M&=+—,') levels,

.2' .a small transverse electric field strongly mixed
these states and caused those atoms original-
ly in the (22S&, M~= —2) state to decay to the
ground state. The neutral beam, now consist-
ing of ground-state atoms and metastable atoms
in the M&=+2 state, entered a gas cell where
the atoms ejected electrons. Any electron po-
larization had to be parallel to the magnetic
field. The electrons followed helical trajecto-
ries along the magnetic field until they reached
the end of the solenoid where they were accel-
erated to an energy of 3 keV. Since Mott scat-
tering is sensitive only to the polarization com-
ponent perpendicular to the plane of scattering,
the longitudinal polarization of the 3-keV elec-
tron beam was converted into a transverse po-
larization by means of a 90' electrostatic de-
flection in the horizontal plane. Since the de-
flector has astigmatic focusing properties, an

electrostatic quadrupole doublet was added to
the system in order to achieve optimal beam
focusing in the horizontal and vertical planes.
After acceleration to 100 keV the electrons were

scattered from a thin gold foil. Two surface-
barrier detectors were used to count the elec-
trons scattered through an angle of 120' in a
vertical plane. Measurement of the counting
rates of the two channels simultaneously makes
the ratio, C,jC„ independent of the incident
beam current. In order to eliminate the appa-
ratus asymmetry, another measurement of
C,/C, is required during which the beam polar-
ization is either reversed or made zero. An
unpolarized electron beam was produced by
quenching all metastable deuterium atoms by
means of a high electric field in the deflector
located between the cesium cell and the sole-
noid. From the scattering asymmetry the elec-
tron polarization, P, was obtained by reference
to calculated and tabulated asymmetry functions
for single scattering from gold. '2 In order to
account for the effect of multiple scattering
in the foil, the theoretical asymmetry value
was reduced by a factor of 0.87+0.05, deter-
mined in previous measurements with foils
of different thicknesses. Wall-scattered back-
ground electrons were practically eliminated
by the design of the scattering chamber and

by use of pulse-height discrimination.
The measured electron polarization at sev-

eral deuteron energies is shown by the solid
curves in Fig. 2. The polarization reaches a
maximum of 33% for a deuteron energy of about
750 eV with H, as the target gas.

In order to determine the polarization P~
of the electrons which originated from collisions
of metastable deuterium atoms, we made use
of the measured values Ip and I„where Ip is

576



VOLUME 20, NUMBER 12 PHYSICAL REVIEW LETTERS 18 MwRcH 1968

60—

50 ——

P~ for He
P for H&

I

Cay0
O
N
L

30
O

CL

C

O 20—
CJ
4)

LLI

lO—

0 //~ 500 '?50
D Energy (eV)

I

Iooo

FIG. 2. The polarization P of all the ejected elec-
trons and the polarization P~ of the electrons ejected
in collisions of metastable atoms at several deuteron
energies for helium and hydrogen as target gas.

the current of polarized electrons and I, the
current of unpolarized electrons obtained by
quenching all metastables in the deflector. If
we use the symbol x for the fraction of meta-
stable deuterium atoms in the atomic beam,
and o.~ and a& for the cross sections for ion-
ization in metastable-atom and ground-state-
atom collisions, respectively, we can write
the following expression for the polarizati. on
P of the electron beam: P = [P~xofff +P&(l x)o&]/—
[o&+x(a~-o&)], and o~/o& = (R+x-1)/x, where
R = Ip/I0 and P& is the polarization of electrons
ejected by ground-state atoms. The measure-
ments showed that R is energy dependent. Solv-
ing for Pm we find P~ = [PR P&(1 x))/(R —1— —

+x). Fortunately, Pm depends largely on R,
which could be measured in this experiment,
and only slightly on x. Qver the range of deu-
teron energies used here, x is known from oth-
er work" to be about & without state selection
and, therefore, about &8 for this experiment.
Therefore, x = & was used for the evaluation
with an uncertainty of +10%. A small polariza-
tion of ground-state atoms is introduced by the
quenching of the metastable atoms in the state
(2'S-,', Mg= -2) by level crossing. Since -,' and

3 of these transitions go to the M~= -& and +2

ground state, respectively, a fraction x = &8

of the atomic beam has an atomic polarization
of -33%, and the electrons ejected in collisions
of these ground-state atoms could have any po-
larization between -33% and zero. Therefore,
p& = (—33%)x(1+o)= —2+ 2% was used in the com-

The polarization P of the electrons origi-
nating from collisions of metastable deuterium
atoms is given by the full circles and squares
in Fig. 2. It is about 50% for both target gas-
es over the energy range investigated. The
electronic polarization of the metastable atoms
was unity since the state selection by level cross-
ing quenched all atoms in the (2'S—,', MZ= -2)
state, and the solenoid field was strong enough
to decouple the electron spin from the nuclear
spin completely. The fact that P~ is approx-
imately 50% for several deuteron energies and
for two different target gases is strong evidence
for a dominant ionization process in which tar-
get electrons in both spin states are picked up
with equal probability to form negative ions
of deuterium which subsequently autoionize,
ejecting one of the electrons indiscriminately.

The collisional ionization from polarized meta-
stable atoms is also of interest as a source
of polarized electrons. ' The maximum polar-
ization of 33% is not impressive compared with
polarizations of 80 to 90% obtained by photo-
ionization of alkali atoms' and by scattering
of electrons from mercury atoms. '~ Qn the
other hand, it may be possible to get larger
average beam currents than are available from
other methods. "
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In an earlier Letter, ' a laser-induced line-
narrowing effect was utilized in a precise de-
termination of isotope shifts in two Ne transi-
tions. A recent paper2 also reports observa-
tion of this effect and its application in study-
ing some linewidth parameters in Ne. These
experiments study fluorescence arising from
the lower level of a Doppler-broadened laser
transition to a third level. [See Fig. 1(a).]
Viewed along the laser axis, the broad fluores-
cence line shape is dramatically influenced
by the laser field. For a standing-wave fieM
detuned from its atomic center frequency, the
laser-induced change signals appear as reso-
nant increases in, intensity over two narrow
intervals symmetrically located on opposite
sides of the fluorescence center frequency.
The fluorescence from the upper laser level
[Fig. 1(c)], similarly viewed, would exhibit
narrow resonant decreases in its over-all emis-
sion profile.

The over-all features of this effect may be
described by noting that the standing-wave la-
ser field selectively interacts with atoms whose
velocities cause a Doppler shift of one of its
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FIG. 1. Energy-level diagram.

traveling-wave components into resonance;
this produces changes in the laser level pop-
ulations —an increase in the lower level pop-
ulation and a decrease in the upper level pop-
ulation —over two narrow intervals symmetri-
cally located about the center of the velocity
distribution. A recent Letter~ has analyzed
the line-shape details for the cascade case [Fig.
1(a)] in terms of two-quantum transitions from
level 2 to level 1, and predicts differing midths
for the two laser-induced change signals. A
similar line-shape asymmetry, described be-
low, mould appear in the change signals from
the upper laser level [Fig. 1(c)]. Note that in
the latter case, however, the 0-1 emission
act is an inherently single-quantum event, re-
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