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We present measurements of differential elastic cross sections for various alkali-alkali
pairs„as well as the angular dependence of the probability of electron spin exchange in these
collisions. The resolution is sufficient to reveal interference structure in the angular depen-
dence of both quantities. We describe our apparatus, which polarizes one incident beam and
analyzes the polarization of the scattered atoms, and discuss the measurement and data-re-
duction procedures. Results are presented in the range 0. 1-0.2 eU for the systems Na-Cs,
Na-Rb, Na-K, K-Cs, and K-Rb.

I. INTRODUCTION

Much of our present knowledge of interatomic and

intermolecular interactions comes from atomic- and
molecular-beam scattering studies. During recent
years there has been a steady progxession in atomic
scattering technique, with a corresponding elabora-
tion of the details of interaction. In the thermal en-

ergy range this has been due primarily to increased
xesolution of velocity Rnd angle. Measurements of
the elastic differential cross section now yield very
accurate potential curves fox systems characterized
by a single potential; Pauly's work on alkali-rare-
gas systems is a notable example. ' In more com-
plicated systems there are additional degrees of
freedom which govern the interaction. Suchsystems
cannot be adequately described by a single potential,
and in order to investigate them experimentally, the
scattering apparatus must be able to resolve all the
available degrees of freedom.

This paper reports a step in this direction by de-
scribing experiments on alkali-alkali interactions
which depend on the total spin of the two valence
electrons. There are two interaction potentials de-
pending on whether the total spin is 1 or 0, cor-
responding to the triplet and the singlet state, re-

spectively. Due to the exclusion principle„ the sin-
glet interaction is more attractive than the triplet
interaction, and the singlet potential lies below the
triplet potential at moderate internuclear separa-
tions (5-20ao). This effect is the result of sym-
metry, not of direct coupling between the spins.
(Direct spin-spin coupling of the valence electrons
is sufficiently small to be neglected during the col-
lision. )

The measurements of spin-dependent differential
cross sections presented here provide a sensitive
measure of the singlet and triplet potentials involved.
In experiments without spin-resolution the observed
differential cross section [which we eall &,„(6)] is
R weighted average of the cross sections which
would be produced by the potentials acting separate-
ly. In the present experiments the electron spin of
one of the atoms is polarized before the collision
and analyzed afterwards, enabling us to measure
the plobRblllty thRt scRttex'ing through R given Rngle
will be accompanied by exchange of the electron
spin, &,„(&). The spin-exchange process results
from interference between the singlet and triplet
scattering amplitudes and therefore provides a key
for separately determining the potentials.

The significance of spin exchange was first ap-
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preciated by Purcell and Field, who studied the
role of spin exchange in establishing the spin tem-
perature in interstellar hydrogen, and by Wittke
and Dicke, ' who analyzed the role of spin exchange
on relaxation of radiating hydrogen atoms. Deh.-
melt suggested the use of spin exchange as a mech-
anism for transferring and analyzing polarization
in optical pumping experiments. It has since been
widely used in this connection and many observa-
tions have been made of total spin-exchange cross
sections by optical pumping techniques. However,
these are all concerned with total cross sections
averaged over a broad energy distribution.

Recently there have been several measurements
of differential spj.n- exchange scattering. In the case
of alkali-alkali scattering, preliminary results of
the present work and results by Beck and his col-
leagues have already appeared. Bederson and his
co-workers have obtained differential spin-ex-
change cross sections for electron-alkali collisions.
In contrast to earlier measurements of the total
spin-exchange cross section by optical pumping
techniques, these new measurements permit de-
termination of details in the relevant interatomic
potentials which are beyond the range of current
theoretical predictions of these potentials. %e
hope that these results will stimulate the develop-
ment and application of techniques for calculating
these potentials.

This is the first in a series of three papers on
spin-exchange collisions between alkali atoms. In
this paper we describe the apparatus and present
experimental results; in Paper II, we discuss a
theoretical framework which connects the features
of the potentials with the observations. Ne will
present a more complete analysis of the potentials
for various nonidentical alkali-alkali systems in a
later publication.

In this paper we describe our spin-exchange scat-
tering apparatus and experimental procedure. %e
present results of &,„(6)and P,„(e) for the fo11ow-
ing nonidentical pairs of alkali atoms: Na-K, Na-
Rb, Na-Cs, K-Rb, and K-Cs.

II. APPARATUS

These spin-exchange measurements were made
in a crossed atomic-beam scattering apparatus in
which a spin-selected primary beam collides with
an unpolarized crossed beam. ' The spin state of the
scattered beam is analyzed to determine the differ-
ential cross section for scattering into each of the
possible final spin states.

The apparatus is shown schematically in Fig. 1.
The source of atoms is an alkali oven which is gen-
erally operated in the region of supersonic flow. A
hot skimmer restricts the width of the emerging
beam. The atoms are state selected by an inhomo-
geneous magnetic field; either spin state can be se-
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FIG. 1. Schematic view of apparatus. Neither of the
two different target-beam sources is shown.

Both state selectors are of the familiar two-wire
field configuration. ' The incident-beam state se-
lector is a permanent magnet while the scattered-
beam state selector is an electromagnet whose coils
are mounted outside of the vacuum system. Iron
inserts conduct the flux through the stainless-steel
vacuum envelope. Operating characteristics of
the magnets are given in Table I.

B. Beam Attenuator

During the initial alignment process and during
checks of the polarization of the incident beam, the
detector must be exposed to the primary beam.
Because even short exposure to the full primary
flux causes prohibitive background in the detector,
a beam attenuator is used to reduce the flux. This
consists of a rotating disc with a series of holes
which intersects the beam; either four holes 0. II'5

mm diam on a 7-cm-diam circle, orone hole 0. 0'75

mm diam on a 6. 35-cm-diam circle. These give
attenuation factors of - 700 and - 3 &&10', respec-
tively. In order to investigate the shape of thebeam
the attenua'. or can be swept across the beam by a
drive mechanism which also inserts and removes
it.

C. Sources

The primary beam is produced by a conventional

lected by changing the position of the oven relative
to the magnet by means of an electric drive mech-
anism. The beam passes through a collimator into
the scattering region where it collides with a mod-
ulated target beam. Atoms scattered through the
exit slit toward the detector are velocity analyzed
by a slotted-disk velocity selector and then pass
through a second magnetic state selector which sep-
arates them into two beams according to spin. The
emerging beams are detected separately by two hot-
wire detectors. Operating characteristics of the
apparatus are summarized in Table I. Further
details follow.

A. State Selectors
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Polarize cl

primary-beam
intensity

Target-beam
density

0.3 x10"

1x10~2

atoms/sec

atoms/cm'

Angular resolution 2 x 10 rad

Velocity resolution 5% or 10%

full width

FWHM

TAB LE I. Operating Characteristics. the upper chamber. The beam is defined by a 2, 5-
mm-diam aperture located 2. 5 cmabove the source.
The vapor which does not pass through the beam-
defining aperture condenses on the inside of a wa-
ter-cooled jacket, where it may be melted and
drained back into the lower chamber of the oven by
passing steam through the mater-cooling lines.

D. Detector

Beam dimensions

Primary beam

Scattered beam

Target beam

Target-beam
collimator

State-Selector
magnets

Inner bead
radius

Outer bead
i"adius

Separation

Max. field,
polarizer

Max. field,
analyzer

Length of
polarizer

0.2 mm&&5mm

0.4 mm&&5 mm

2. 5 mm

0. 1 rad

4. 7 mm

5. 6 mm

3.9 mm

11 KOe

21 KOe

12 cm

width && height

width && height

diam

angular
half-width
of cone

Permanent
magnet

Electro-
magnet

The detector is a surface ionizer followed by a
mass spectrometer and a magnetic-strip electron
multiplier. We have been able to reduce the noise
level, to as low as 1 ion/sec per mm' of detector
area, an essential achievement in view of the large
loss in counting rate due to the state-selection de-
vices.

The dominant source of noise in the detector is
alkali impurities in the filament. We use an iridium
filament, "which we flash near the breaking point
for about 1 h and then age for s veral days at the
operating temperature —the minimum temperature
(a dull red) commensurate with usefully short re-
sponse time, typically 10 msec. Undisturbed aging
at operating temperature seems to be a key factor
in reducing the noise, and for this reason we place
the detectors in a separate chamber which is con-
stantly maintained under high vacuum. Since hydro-
carbons appear to produce excess filament noise,
the detector chamber is pumped with a VacIon pump.

E. Velocity Selector

Length of
analyzer

15 cm

oven with capacity for about 25 g of alkali metal.
The vapor in the oven escapes through a column of
five holes each 0. 6 mm in diam which are spaced
2 mm apart along a vertical line. A hot skimmer
mounted about 2 cm from the holes restricts the
width of the beam to about 0. 2 mm. This array
is preferable to a single hole at low intensities
(where the flow of atoms is effusive), because it
produces a more uniform beam in the vertical di-
rection. At high intensities (where the flow is
supersonic) a cloud of atoms forms near the skim-
mer, limiting the intensity {measuredafter the
skimmer) to roughly 10"atom/sec sr. Scattering in

this cloud produces abeam whose uniformity and in-
tensityare quite independent of the details of the
orifice array.

Two completely different sources were used at
different times to produce the target beam; we de-
scribe here only the more successful one, a re-
circulating source which produces a beam directed
vertically upward. It consists of a two-chamber
oven with a single 0. 8-mm-diam hole at the top of

The velocity selector is similar to conventional
slotted-disk velocity selectors except that all of the
disks are thin so that particles with several widely
different velocities may pass simultaneously. ' In

practice, the narrow velocity distribution of our
source, together with the rough velocity selection
provided by the state-selector magnets, removes
all ambiguity about which velocity passband is in

use. Since the sidebands have different resolutions,
this arrangement permits us to vary the resolution
in the course of the experiment. [Data presented
here were taken with velocity resolution R„of 10/z

or 5% full width half-maximum (FWHM). j In addi-

tion, we can eliminate any uncertainty in absolute-
velocity calibration due to misalignment of the se-
lector by comparing velocity profiles taken with the
selector rotating in opposite directions. '

F. Scattering Geometry

Figure 2 illustrates the two scattering geometries
which have been used. In the first (which we des-
ignate by Gl) the incident, scattered, and target
beams were in the same plane. The target beam
was produced in a conventional oven with a crinkled
metal-foil collimator. We assume that the velocity
distribution was Maxwellian.
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Gl IN PLANE SCATTERING GEOMETRY

TARGET
BEAM

G2 OUT OF PLANE SCATTERING GEOMETRY

FIG. 2. Comparison of the two different scattering
geometries used in the experiment.

The second geometry (62) utilizes a target beam
directed perpendicularly to the plane of the incident
and scattered beams. This was introduced to per-
mit the use of the recirculating jet source described
above and to reduce the changes in relative velocity
caused by the finite width of the target-beam veloc-
ity distribution. The velocity distribution and dimer
concentration of this source were measured, and

found to be 30/p FWHM and - 2% respectively. We

found that the most probable velocity was close to
(5&&/~), as expected for a jet source. This
source produced data of higher quality than the first
source because of the improved intensity and nar-
rower velocity distribution.

III. MEASUREMENT PROCEDURE AND DATA ANALYSIS

In a typical single- channel scattering experiment
(one with no state selection, e. g. ) one measures the
counting rate for atoms scattered through various
angles. Assuming that noise has been eliminated
by some combination of beam modulation and sig-
nal averaging, the counting rate must be multiplied

by factors accounting for various characteristics
of the apparatus in order to obtain the laboratory
scattering cross section. Normally, factors ac-
counting for beam intensities, scattering geometry,
solid angles, detector sensitivity, etc. must be in-
cluded to obtain the laboratory scattering cross
section. (Only changes in these quantites are im-
portant if no attempt is made to determine the ab-
solute differential cross section. ) If the data. are
to be presented in the c.m. coordinate system
then further corrections must be introduced.

In our experiment, the primary-beam atoms
are prepared in a given state, and at each angle
we measure two counting rates: N«(the detection
rate for scattered atoms with changed state) and
N (the detection rate for atoms with no observable
change of state). In order to present the related
cross sections one must correct for apparatus ef-
fects to find the laboratory cross sections &,„(8~)
and &,„(8,) and then transform the results to the
c.m. system, just as in single-channel scattering.
(The prime indicates quantities which have under-
gone corrections to the laboratory system. ) Both
types of corrections are complicated by the addition
of the second channel: In addition to the apparatus
effects mentioned above, one must correct for the
imperfect performance of the state selectors; and

in order to obtain the electron spin-exchange cross
section, one must also correct for the complications
of nuclear spin.

In this section we discuss the measurement pro-
cedure, our modulation- and signal-averaging tech-
niques, the corrections for apparatus geometry and

performance, and the corrections due to imperfec-
tions of the state selectors and to nuclear spin.

We generally express our measurements of o,„
and 0,„ in terms of two new quantities, the "sum"
cross section a,„and the probability for change
of state I',„:

o'...(8 i) = o'..(8,) +o'.,(8,),

P'.,(8 () = &'.,(8 ()l&'.„(8()

These variables simplify experimental analysis,
since the apparatus effects generally affect one of
these variables strongly and the other weakly, if at
all. For example, variations in beam intensity,
apparatus geometry, and other angle-dependent
factors affect o',„(8&), but not P «(8&) (which con-
tains the same correction factor in both numerator
and denominator). Imperfect state-selector per-
formance, on the other hand, affects P,„primarily,
since &,„(8,) is the sum of cross sections over fi-
nal spin state. (If an atom goes the "wrong way"
in a state selector, this does not affect the total
number of atoms which emerge ).

A. Measurement Procedure

Each experimental run to determine P,„and o,„
consists of a series of measurements of X,„and

taken at different angles, but wi~h the same
final velocity. Occasionally, measurements of .v',„
are made directly by turning off the analyzer mag-
net. Each measurement consists of 4—15 count
periods, each generally about 5 sec long, during
which the target beam is chopped at approximately
2 Hz, while the signal from the detector is gated
synchronously between two scalar inputs. The
mass spectrometer in the detector eliminates all
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background from the target beam, so that the dif-
ference between readings of the two scalers is the
desired signal. Problems in elimi. nating background
from the target beam have so far prevented study
of collisions between identical alkalis.

Although the apparatus was designed to use two
detectors simultaneously, we have generally found
that better results can be obtained by using only the
quieter detector. Measurements of N,„and N
are then made by changing the source polarization,
while the rest of the apparatus is left undisturbed.
In order to determine the asymmetry factors of the
source and detector, it is necessary to measure
N,„and N both by moving the detector and by
changing the source polarization for at least one
angle (this involves four distinct measurements).

Although the target-beam intensity is continuously
monitored, the geometry of the experiment makes
it impossible to monitor continuously the intensity
of the primary beam in the scattering region. For-
tunately, changes in primary-beam intensity are
generally slow enough to be monitored by repeating
measurements at some reference angle periodically
throughout the run. This also reduces effects due
to any slow changes in detector sensitivity.

In addition to the scattering data, a standard set
of measurements is taken on the primary beam in
order to determine the degree of its polarization
for bath possible source polarizations. These mea-
surements are made by inserting the attenuator in
the incident beam, setting the source carriage to
zero angle, and using the velocity selector, analyzer
magnet, and detector in the usual manner. This
technique also permits us to select the oven posi-
tions which give the highest intensity at the de-
sired velocity. In practice, we alter these selec-
tions slightly to achieve essentially identical veloc-
ity distributions for source beams of opposite po-
larization. The intensities of these two beams are
noted for later use. (They are not quite equal due
to the slight focusing and defocusing properties of
the polarizing magnet. )

B. Statistical Errors

The large amount of data taken in our experiment
is analyzed on a computer. This subsection de-
scribes the development and application of tech-
niques designed to reduce the noise and estimate
the reliability of the data.

Each measurement of N,„or N at a particular
angle and velocity consists of 4-14 pairs of scalar
readings; each pair consists of the total number of
counts obtained with the target beam on, N', and
with the target beam off, N, during one count
period. (We suppress the subscripts in this sec-
tion. ) If the detector noise were purely stochastic,
then the variance would be purely statistical: v'N

where N is the mean number in a single counting

period for a given channel. However, when we
compute the variance we find that it generally ex-
ceeds the statistical variance. The excess noise
comes from the detector filament which emits
ions in clumps rather than at random. The in-
termittent nature of this noise makes it imperative
to discard some of the data, but the non-random
character of the filament noise prevents us from
doing so with criteria based on the statistical
noise only.

The most satisfactory rejection criterion which
we found was based on the geometric mean of the
observed variance and the statistical variance. We

rejected points differing from the mean by approx-
imately twice this amount. The mean and the vari-
ance were recomputed after each point was dis-
carded, and this process was repeated until all re-
maining points were within the criterion, or until
50% of the data was discarded (this occurred only a
few percent of the time}. The statistical errors
shown on the data points are the product of the ob-
served variance and the ratio of the number of raw-
data points to the number of points retained.

This criterion is applied separately to the mea-
surements of N', N, and to N, &,

=N+-N . The aver-
age signal (N„,) is then determined in two ways:

Since the rejection criteria are applied independent. -
ly in each averaging process, (N,«), and (&,«), do
not necessarily agree. The difference, if any, is
treated as an independent error in calculating our
final error. All errors reported in this paper are
about 70% confidence limits, and represent purely
statistical errors. Possible systematic errors are
discussed separately.

C. Corrections Affecting 0 '

In order to determine cross sections from the
counting rates, it is necessary to determine the ef-
fective size of the scattering volume, the relative
velocity, and the beam intensities. Although we
have not attempted to make accurate absolute de-
terminations of the cross sections, we have taken
care to determine precisely their angular depen-
dence.

The effective size of the scattering volume de-
pends on the scattering angle in a complicated fash-
ion; necessary corrections for this are made nu-

merically. Both the relative velocity in the c.m.
system and the initial primary-beam velocity change
with angle because the velocity analyzer is in the
scattered beam. For the same reason, the range
of incident-beam velocity which can contribute to
observable scattering events changes slightly with

angle, causing a spurious angle-dependent factor
in the cross section. However, the corrections
for these effects are very small and are made easi-
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ly. We neglect a still smaller correction due to
change in intensity of the incident beam with in-
cident velocity, since its velocity distribution is
constrained to be essentially flat over the range
involved by our selection of the oven positions.

Uncertainties in the above corrections are the
dominant sources of systematic error in the sum
cross section. In particular, nonuniformity of the
target beam, especially when it is accentuated by
target-beam misalignment, can cause errors in
the calculation of the scattering volume. We es-
timate that this effect could smoothly decrease o

by as much as 10% for angles less than 200 mrad.
Undetected fluctuations in the intensities of the

colliding beams is the second major source of er-
ror. We believe that this introduces an uncertainty
of less than 3% in adjacent points and less than 15%
for any two points in a given set of data. Since the
amplitude of the structure observed in the experi-
ment is considerably larger than these limits, the
undetected intensity fluctuations are not a serious
source of error in resolving angular structure or in
determining the location of the maxima and minima
observed.

D. Corrections Affecting Probability of Exchange

P,„ is not affected by the processes described in
the preceding subsection: o,„and o,„are corrected
by the same factor (unless the beam intensities are
changing rapidly), which leaves their ratio un-
changed. However, a different set of errors affects

These are of two types, both stemming from
imperfect performance of the state-selection mag-
nets. The first results from a difference in solid
angle for atoms with opposite polarization, which
is due to the slight focusing properties of the di-
pole-field deflection magnets. This is manifest as
a difference in the detector solid angle for oppo-
sitely polarized atoms (we call this detector asym-
metry) or as a polarization-dependent intensity in
the primary beam. These effects are readily cor-
rected by comparing measurements of o,„and 0 „„
made with opposite source polarizations. Their
effect on P,„is primarily multiplicative, and the
correction is generally less than 15% of P,„. Un-
certainty in the asymmetries causes an error in
P „of 10% of its value. Since this is essentially
a multiplicative error, we do not include it in the
error bars in Figs. 8-12, because it has the same
effect on all points in each run and therefore does
not detract from our ability to resolve angular
structure in the probability of exchange.

The second state-selector imperfection is incom-
plete separation of the two polarization states due
to inadequate deflection power and small angle
scattering from gas in the beam collimators. This
appears to be a problem only with the source. It
results in incomplete polarization of the primary

beam, or, in more graphic terms, in source-beam
impurity. We correct for this by measuring the
impurity in the primary beam as outlined earlier,
and correcting the data for P,„accordingly. The
correction is principally subtractive. We believe,
however, that this correction is reliable only when
the impurity fraction &, is less than 0. 02. This
judgement is based on a comparison of the values
obtained when P,„(8) is extrapolated to zero angle.
For all measurements (about half) with impurity
less than 2%, this extrapolation yields 0 within er-
ror, which is in accord with theoretical prediction;
while for all measurements made with impurity
greater than 2%, the extrapolated value of P,„(0)
is greater than 0. We believe that this unreliability
of the impurity correction stems from the fact that
the detector solid angle is not large enough to en-
compass the entire source beam, so that the top,
bottom, or sides of the beam might have higher im-
purity fraction than the part measured.

In those runs with beam impurity greater than 2%,
we have treated & as an adjustable parameter,
choosing its value so that P,„approached 0 for small
angles. The value of & used in these runs is in-
dicated as &, in Figs. 8-12.

Because we are unable to correct adequately for
the beam impurity when it exceeds 2%, the value of
our results at small angles (where P,„ is small) is
decreased when the beam impurity factor Q. ex-
ceeds 0. 02. However, this does not change the lo-
cation of the oscillatory maxima and minima in P,„,
and it does not hinder us in observing the structure
in P,„since the impurity is the same for all angles.

E. Corrections for Nuclear Spin

The measured cross section for change of state,
o,„, and the measured probability of change of state,
P,„, are not equal to the corresponding cross sec-
tion and probability for electron spin exchange.
This is due to the coupling between the electron spi. n
and the nuclear spin of the primary atom. In this
section, we describe how we find the cross section
for electron exchange, o,„, and the probability of
electron exchange, P,„, from our measurements of
O,„and P,„.

Our state selectors operate at a high magnetic
field which decouples the nuclear and electron spins,
selecting atoms on the basis of electron spin pro-
jection alone. The collision occurs in a region of
low magnetic field (about 8 Oe), however, where
good quantum numbers for the primary atom are I'
and m+, the total spin and its projection on the Z
axis, respectively. (Care was taken to assure that
the atoms change adiabatically from the high field
in the state selector to the low field in the scattering
region. ) Thus, we need to consider the relation-
ship between exchange of electron spin during the
collision and observable changes of hyperfine state
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m(I) = (4I'+ 2I+ 1)/(4I'+ 4I + 1).

This expression shows that m(I) lies between 0. V5

(I = ~) and 1.0 (I = 0 and I- ~). [Both Na, and K have
nuclear spin 2, m(-, ) = 0. 813. ] We also have

(i. e. , those which connect adiabatically to high-field
states having opposite electron spin projection).

If there is no electron spin exchange in the colli-
sion, then the atom's hyperfine state is not changed,
and its high-field electron polarization is not re-
versed. If there is electron spin exchange, then it
is possible that the new hyperfine state may have
the same high-field electron spin as the original
state. Thus, the only possible effect of the nuclear
spin is to prevent an electron spin-exchange colli-
sion from being observed. Burnham's exact re-
sults' show that

0,„=o',„/m (I).

The nuclear spin has no effect on the total number
of atoms scattered in a particular direction, so

requires no correction for nuclear spin.
The above results apply to collisions occurring at

low magnetic field, and I',„is defined to be the
probability of electron spin exchange for collisions
with unpolarized targets. The behavior of exchange
cross sections for polarized targets (including ef-
fects of magnetic field and nuclear spin) is more
complicated and will be discussed elsewhere. '

P,„=P',„/m (I),

where &,„ is the probability of electron spin ex-

change and
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F. Transformation to Center of Mass
0 I o tI

0
oo

At first it may appear that the transformation of
the data to the c.m. coordinate system is compli-
cated owing to the location of the velocity selector
in the scattered beam. This is not the case, how-

ever, for the elastic scattering under study here.
Since the kinetic energies studied ( 10 a. u. ) are
far less than the lowest excitation energy for states
of the separated atoms (-0. 1 a. u. for the excita-
tion of alkali valence electron to the adjacent P
state), no inelastic processes are possible, and the
initial c.m. velocity of the particles is uniquely
determined from the final velocity (which is con-
trolled by the velocity selector) and the initial vel-
ocity of the target beam (which is known —see Sec.
IIF). [However, the energy still changes slightly
with angle. (The effects of this drawback of our
geometry will be discussed in Sec. IV. )] Hence,
the transformation from the laboratory coordinate
system to the c.m. coordinate system depends en-
tirely on kinematical considerations, and is rela-
tively straightforward. In addition to changing the
angle, this transformation also entails multiplica-
tion of the cross sections by the appropriate Jacob-
ian. This angle-dependent factor changes o,„but
not I',„.

The velocity of the target beam does not enter
critically into the transformation to c.m. coordi-
nates, and we do not believe that the experimental
uncertainties in target-beam velocity add significant
uncertainty to the transformation. However, the
internal motion of the target beam (which we as-
sumed to be monoenergetic and perfectly collimated
when making the transformation) increases the
effective experimental resolution somewhat. This
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change in v„, is partially offset by a change in 8,
such that the resolution in E8 is not degraded as
much as the resolution in relative velocity. (We
use the variable E6 as an independent variable in

presenting our results. ) We estimate that our ef-
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IV. RESULTS

We present here results for five different alkali-
alkall systems; ln thr'ee of these the primary beam
is sodium (Na-K, Na-Rb, and Na-Cs), and in the
other two the primary beam is potassium (K-Hb
and K-Cs). This pairing assures that the target-
beam atoms are heavier and cooler than the prima-
ry-beam atoms, which reduces undesirable averag-
ing of the cross sections over poorly determined
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fective resolution in E8 is typically 14/0 (22/o) for
p„=0. 05 (0. 10). (The angular resolution of our
apparatus is good enough so that it does not increase
our effective resolution of E8). c.m. Variable.

For each system studied, we present data taken
at two or more different laboratory velocities.
Since our velocity selector is in the scatteredbeam,
the relative velocity of the incident atoms and the
target atoms depends on the angle. This means
that the c.m. energy increases slightly with angle
(3/0 at the rainbow angle in K-Cs for ED=4. 6 x10 3

a. u. , the worst case encountered). The energy
indicated for the data points is the c.m. energy at
zero angle (where incident and final velocities are
equal); it is labeled Eo to emphasize this fact. Us-
ing the reduced variable E8 lessens the effects of
the slight variation in energy.

We have made two checks of our results against
work in other laboratories. Our results for o'„(8)
in K-Cs have been compared with those of Beck et
al. , and good agreement was found for both the
general shape and the location of the maxima and
minima. [The comparisons were made on an E8
plot; their results (for E=5.3+1.3x10 a. u. ) lie
midway between ours at E = 4. 9 x10 3 and 6. I, x10 s j.
As another cheek, we measured the rainbow struc-
ture in the system K-Xe (the Xe was introduced
through a glass capillary array at VV 'K using ge-
ometry 62). When analyzed by the method described
in Sec. V of the Paper II, this data yielded a well
depth of 0. 4V + 0. 02 x 10 a. u. (2. 02+ 0. OV x 10 '
erg), in good agreement with the results of Buck
and Pauly. We used a, Lennard-Jones 8-6 po-
tential).

We have used the reduced angle 7 =E8 as the
abscissa in Figs. 3-12. In the first-order impact
approximation' collisions with the same impact
parameter scatter to the same 7' because T is a
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measure of the integral of the force of the inter-
action along the trajectory, and does not depend
on the duration of the collision if the trajectory is
nearly straight. The utility of this variable is
apparent from examination of o',„„in Figs. 3-7,
for in each system the distinctive rainbow maxima
lie at nearly the same value of &8. (This is con-
firmation of the applicability of the impact approxi-
mation to these collisions. ) It is apparent that the
rainbow maxima of different systems all lie fairly
close to EO= 1. 7&&10 a. u. , although the rainbows
for systems with Na as one component all lie below
this value, while those for systems composed of
heavier alkalis lie consistently above this value.
(See Figs. 3-7. )

The curves for I',„ in Figs. 8-12 for the systems
studied are quite similar. All curves start from 0
at small angles (although in some cases this results
from our choice of o,'„see Sec. III D) and all have
a large maximum where I',„-0.4 near ~=1.0~10 3

a. u. Further oscillations are evident in those cases
where the data extends past this first maximum.

We analyze this data in a Paper II which follows.
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