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Abstract

An inhomogeneous electric field producing a "congruent two-wire"
electric field in the gap between the electrodes has been constructed.
The field is six inches long, with a maximum distance across the gap of
0,125 inches, and is powered by a DC voltage supply variable from zero to
fifty kilovolts, The strength of the field is such that an effective
dipole of 0,005 Debye traveling with thermal energy (V500°K) will
experience a measurable deflection upon traversing the field, The deflec-
ting field has been incorporated into a molecular beam scattering apparatus
designed to analyze for rotational excitation in the product of a chemical
reaction, The deflection of thermal beams of cesium atoms and of cesium
chloride molecules upon traversing the field has been measured, and the

observed deflection patterns agree well with those predicted theoretically,
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INTRODUCTION

In an electric field E a neutral molecule possessing a constant
dipole moment component in the direction of the field, Hes and in@epen-
dent of the strength of the field will experience a Stark effect éﬁérgy
shift given by

We = ==ueEo

Since the dependence of We on position is determined by the spatial
inhomogeneity of the field, the molecule will be subject to a force

E = u Yk \ (1)

In the general case the dependence of We on E may be more complicated.
However, the force may still be expressed as in Eq. (1) where Hys the
effective dipole moment, is given by

My = @awe/aEQ (2)

As an atom or molecule will interact with an inhomogeneous elec=-
tric field either through a permanent or an induced dipole moment, it
will experience a transverse deflection upon traversing the field
which will depend on the field inhomogeneity and on its velocity and
interna; quantum state, A beam of atoms or nonpolar molecules will be
deflected by virtue of a field induced dipole moment arising from the

polarizability interaction; this will always result in a deflection
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toward the region of high field strength. A polar diatomic molecule
will be deflected in the field as a result of the interaction between
its permanent dipole moment and the field. Both the magnitude and sign
of the resulting effective dipole moment, Eq. (2), will depend on the
total angular momentum of the molecule, J, and its projection on the
field direction, MJo

Inhomogeneous eléctric fields have been a valuable tool in mole-
cular beam studies of isolated atoms and molecules, especially in
connection with electric resonance studies of molecular properties;l'
however, little use of such fields has yet been made in connection with
beam studies of collisions between atoms and molecules. Recently,
Bennewitz gzwggyu have employed an electric quadrupole focussing field
to compare the total cross sections for beams of thallous fluoride
(T1F) in the (1,0) and (1,1) rotational states scattered by rare gas
atoms, Kramer and Bernsteips have also recently employed a six-pole
electric field to refocus states of polar symmetric top molecules
(which exhibit a first order Stark effect) with the same negative dipole
moment component with respect to the field direction,

This report describes the construction of an inhomogeneous elec-
tric field and auxilary apparatus to be used in molecular beam scatter-
ing experiments. The apparatus is designed to determine the rotational
distribution in product MX molecules formed in chemical reactions of
the type

M+ RX>MX+R (3)

where M is an alkali atom, X a halogen atom, and R some arbitrary

v
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chemical group. The apparatus was constructed at Berkeley and later
moved to Harvard. A preliminary deflection experiment on a thermal
potassium atom beam was performed at Berkeleyo6 In addition, deflec-
tion patterns of thermal beams of cesium and of cesium chloride which
were measured at Harvard are described in this report. Successful
measurements of the rotational distribution of reactively scattered
alkali halide molecules have also been made at Harvard and are
described elsewhereo7
Angular Momentum in Chemical Reactions
In the notation adopted in this report, the orbital angular momen~
tum of approach of the reactant molecules will be denoted by L, that of
departure of the products by L', and the rotational angular momenta of
RX, MX;, and R by J, J", and J" respectivelyo. Angular momentum conser=-
vation requires that
L+J=E=L"+J" +J" (ua)
where F is the total angular momentum of the collision and any elec-
tronic or nuclear spins are neglected, Angular momentum conservation
further implies that the projections of these various momenta in the
direction of the field be related by

= = 9 9 \l
ML+MJ MF ML +MJ +MJ0 (u4b)

Theoretical studies have indicated that, under certain conditions,
nearly all of the orbital angular momenta of the reactants should ap-
pear as rotation in the MX producto8=ll Such a partitioning of angular
momenta in the reaction would imply strong polarization in J', with J'
approximately confined to a plane orthogonal to the relative velocity

vector of the reactants. As will be apparent later in this report; the
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breadth of a beam of product alkali halides deflected by the field should

be sensitive to the magnitude of J' while the asymmetry of the deflec;
tion pattern will reflect the distribution in MJ' and indicate whether
polarization is present,
General Design Considerations

Inhomogeneous deflecting fields may be classified as diverging or
refocussing fields. A diverging field has the property that the force
exerted on a particle will always be in one direction, regardless of the
particle’s transit time through the fieldj thus, this field will always
broaden a beam which traverses it, Alternatively, by choosing a field
configuration of cylindrical symmetry such that the force acting on a
beam particle is always directly radially and is proportional to its
distance from the symmetry axis, those beam trajectories for which the
force is directed radially inward will execute simple harménic motion,

Such particles radiating from a point source will be refocussed at some

point along the field axis. The focal length will depend on the field

strength and the velocity and effective dipole moment of the particlesol2

To date, such fields have been used to refdcus particles exhibiting
first or second order Stark effects. The fields have employed elec-
trode configurations consisting of either six (for first order. Stark
effects) or four (for second order) rods symmetrically placed.and
charged. However; it might be possible to achieQe the same focuésing
effect with one charged rod in conjunction with a grounded electrode of
appropriate symmetry such that the charged rod and its image charges

produce the desired cylindrical symmetry. This technique has already

<
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been used in mass spectroscopy13 to simulate the action of a four=pole
fieldlu by means of a monopole,

The field we have constructed is of the traditional "two-wire"
diverging design. The choice of a diverging field as opposed to a re-
focussing one was determined by the nature of the proposed experiment,
As the rotational distribution in product MX molecule is to be deter=-
mined, very high rotational states will probably be populated (on the
order of 100 to 200 fi). Focussing fields, however, will efficiently
focus only very low rotational states, This low efficiency toward re-
focussing high rotational states arises because they correspond to very
small effective dipole ﬁoments (0,25 = 1.0 x 10=3 Debyes); consequently,
an extremely long field would be required to refocus them. Invaddi=
tion, for these high rotational states, the polarizability interaction,
which is always diverging, may become comparable to the weak refocussing
dipole interaction.

Finally, to complete the summary of deflecting electric fields, it
should be pointed out that the "two-wire" design we have chosen, while
possessing many desirable characteristics described later in this
report, does produce a force which is strongly dependent on the position
of the particle within the field, By employing a different design for
the electrodes, it is possible to produce a diverging field with the
property that the force exerted on a particle traversing it is indepen=
dent of the particle’s pbsition with the fieldol5

An idea of the strength. of the field we have constructed may be
inferred from Figs. 1 and 2, The deflections plotted were calculated

for an applied potential, Vo9 of 30 kv, However, these figures can
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readily be used to estimate the size of the deflection for any value of
the applied potential, since the deflection will depend only on the

product of uVo or ueV° respectively,
DESCRIPTION OF APPARATUS

A schemati§ of the molecular beam apparatus, as viewed from above,
is shown in Fig. 3 and important dimensions (not shown in Figo,é) are
listed in Table I. Norrisl6 and Wilson17 have described the apparatus
in detail, as it is used without the electric field in conventional
experiments to measure angular distributions of elastic and reactive
scattering,

The two ovens and their cold shields are mounted on a 1lid which can
~be rotated about an axis perpendicular to the plane of Fig, 3. Uniei
operating conditions the iaboratory angle, ®, at which scatteringl
events can be observed by the detector may be varied from -30° to +120°
(by convention, the sign of @ as depicted in Fig, 3 is positive),
Rotation beyond these limits is prevented by contact between the field
collimation system and an oven cold shield.

In order to study the distribution in the direction of the product
MX rotation axis, p(MJV), the field housing was designed such that the

field, the field collimation slits S. and 32, and the detector could be

1
rotated as a unit while maintaining a vacuum, The axis of rotation of
the field is indicated in Fig., 3; rotations of the field about this axis

will be indicated by the angle Y. The field direction shown in Fig, 3

is defined as the normal direction (y = 0°); by rotating the housing
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Schematic diagram of apparatus.

The two ovens and their cold

shields are mounted on a lid which may be rotated about the scattering .
center; the field is mounted on a side wall of the vacuum chamber and

may also be rotated.
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Table I, Apparatus dimensionsoa
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field t0'82

Description Symbol . Where Defined Magnitude
inches cm
Alkali Oven
Distance COR to oven slit Fig. 3 4,2 10.7
Distance COR to collima-
ting slit Fig, 3 2,2 5.7
Gas Oven
Distance COR to oven slit Fig. 3 1.3 3.4
Distance COR to collima=-
ting slit Fig, 3 0.35 0.9
Electrode Dimensions
Radius - convex electrode a Fig. 6 0,125 0,318
(B = 0,785) .
Radius = concave tip Figo 6 0,155 0,396
(y = 1.108)
Spacing parameter b Fig, 6 0,125 0,318
Spacing parameter c Fig, 6 0,250 0.635
Length Ll Fig. 3 6,00 15,24
Field Assembly
Height of Sl Hl Fig. 3 0,25 0,635
Height of 82 H2 Fig, 3 0,25 0,635
Width of Sl Sl Fig. 3 0,004 0,010
‘>Width oé S2 S2 Fig. 3 0.004 0,010
Distance COR to Sl Fig. 3 1,5 3,9
Distance S, to S, L, Fig. 3 §¢00 7.62
Distance front of Fig. 3 0°é25 1,6
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Description Symbol Where Defined . Magnitude
inches cm
Length of field Ll Fig. 3 6,00 15,24
Distance rear of field L Fig. 3 5,10 12,97
2
to detector
Height of detector wire Fig., 3 0,250 0,635
Diameter of detector wire W Fig, 3 0,003 0,0076
Half width of beam P Eq. 1l3a 0,002 0,0051
penumbra
Half width of beam umbra d "Eq. 13b 0,017 0,0427

®COR denotes the center of rotation of the lid on which the two ovens are
mounted;. for ideal alignment this is the center of the scattering zone,
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from behind the detector mount, the field direction may be rotated by as
much as 180° in a counter-clockwise sense, corresponding to a change in
Yy of +180°, Thus the direction of the field may be varied with respect
to the plane defined by the reactant beams and containing the relative
velocity vector.of approach, For ¢y = 0° or 180°, the field direction
liés in this plane while for ¥ = 90° it i1s orthogonal to ifo
The "Two-Wire" Field

The electrodes were designed to conform to two members of the family
of equipotential cylinders of the field conjugate to that produced by
two infinitely long parallel conductors of infinitesimal diameter poses-
sing equal but opposite charge density and séparated by a distance of
2a, The field configuration is.shown in Fig, 4. This "two-wire'" field
has been used in most molecular beam experiments that employ an inhomo-
geneous divergiﬂg field, including the first electric resonance experi=-
ment by Hughesol8 The electrodes and the corresponding field configura-

tion are also congruent to those used to produce the standard "tWo=wire"

magnetic field, introduced by Rabi, Kellogg, and Zachariaslgcﬂo The

dimensions and construction details for the field described here closely
parallel those described by Hebert022

The potential at any point between the electrodes may be shown to

be??

V(y,z) = V_{y - 1/2(8,-8,) Vx-8) (5)
where '
=1
Y = tan c/a, (6a)

tan~t b/a, (6b)

>
n
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EQUIPOTENTIALS

.|||}—Vo->' 2a "—“"‘ ' (¢)

~

Fig. 4., The "two-wire" field: (a) Coordinate system. (b) Electric field
lines (solid curves) and equipotentials (dashed curves) of the
field conjugate to that produced by two ideal wires separated by a
distance of 2a. (c) Schematic of actual electrode construction and
assembly.
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and the other parameters are defined in Fig, 4. By differentiating Eq,

(5), the following expressions for the field and its gradient are

obtained:
E = o yta- y=-a
z  2(y=B) o 2 - 2 )°
2 1
E o= o o z z
y -2(y=8) (r 2 2> ’
1
2 2 o a
E = E S e e 7
. tE, YF For and (7)
2 2
3 Voa z(rl + T, } (8)
3z Y-8 r 3 3 °
172

The beams which traverse the field are narrow, but about 0, 6 cm
tall, implying that =1.0 < y/a ¥ 1.0. Thus, any force in the y direc~
tion is of no concern as the y-deflections suffered by a particle are
much smaller than the height of the beam, However, the force in the z
direction must be as strong as possible and must show little dependence
on the y coordinate at a given z,

Since the Stark effect for. the interaction of either atoms or
polar diatomic molecules in a lZ electronic state will be second order
in E, the z component of the force experienced by such particles will
be proportional to E3E/3z. The variation in this function with z is
shown in Fig. 5(b); the force on the dipole and therefore the deflec-
tion it suffers is seen to be a strong function of its position in the
field. However, the criterion that the z component of the force
exhibit slight  dependence on yvis well satisfied, as indicated in
. Fig, 5(a). This weak dependence of F, on y holds for all values of 2

within the field gap.

&
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Details of Construction

A detailed drawing of the electrodes‘is shown in Fig. 6, where all
dimensions are quoted in inches, The field between the electrodes is
produced by applying a positive potential, Vo’ to the convex electrode
and grounding the concave electrode, The electrodes were machined from
stainless steel, and the final smooth surfaces were achieved by grinding
in order to minimize problems from sparking, In spite of this, spark-
ing proved to be a problem, Thus, during a typical experimenfa the
applied potential was initially limited to below 10 kv, However, by
slowly increasing the potential, the sparking appeared to clean the sur-
faces, so that after about an hour, it was possible to apply up to 25
to 30 kv. before sparking would.qccuroE

“Two photogréphg of the assembled field are shown in Fig, 7, and an
assembly drawing of the field is shown in Fig° 8. The entire field,
which is 6 inches in length, is mounted in a brass cylinder. The convex
pole piece is insulated from the grounded tip by four quartz rods,
labeled (4), and is clamped in position by applying pressure on two
quartz disks,; labeled (5), Part (6) is simply a metal skeleton for
clamping the convex piece in position, The assembled field can be posi-
‘tioned within the cylinder by means of two sets of clamps; one of these
is labeled (7) in Fig. 8, Thus, the field may be moved until some
desired position within the field gap, designated (y'= 0, z), coincides
with the center of the housing cylinder,

As mentioned previously, the field and its housing cylinder may be
rotated about an axis perpendicular to the plane of Fig, 8., As the

field is rotated, the fan attached to the convex electrode maintains
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Fig. 7. Deflecting-field assembly.
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electrical contact with a spring-loaded rod as shown in Fig, 9. Thus,
a potential is applied to the convéx tip through this spring loaded con-
tact for any angle of rotation of the field,

An assembly drawing of the field in-its housing cylinder as viewed
from the side is shown in Fig. 10 as an integral part of the apparatus
(¢ = 90° in this view). A rotating vacuum seal between the cylinder
housing and the flange on which it is mounted is indicated in Fig. 10,
allowing rotétion‘of the field under vacuum by as much as +90°, The
detecéd; mount is not sh;wnﬁin ?igo 10, A Langmuir éurfaceiionization
detectéf is employed usiné éi;ﬁer a tungsten or an 8% £u5gstén-92%
platinum alloy wire, 0,0076 cm in diameter, The formér will ionize an
alkali metal or its halide while the latter, when properly treated with
methane, ionizes only the alkali metalso23 The detector. is mounted
suchrthat'it may be moved across the gap of the field whilé"maintaining
vécuum; additionally, either detector wire may be rotated during the
experiment, without rotating the field housing cylinder, in érder to
be made to coincide with the plane of the beam traversing the field.
Also not shown in Fig. 10 are two sheets of gold gauge (80% transmis-
sion) between the electric field and the detector; both sheets are
grounded to the cylinder housing and are intended to shield the detector
from the field. The collimation system in front of the field shown in
Fig, 3 is described in a later section.

The field is charged by a power supply capable of supplying up to
50 kilovolts D.C, at a maximum current of 5 milliamperes with less than

. 24 . . . ‘
2% ripple. The power supply was. installed in a well interlocked rack

as shown on UCRL Drawing No, u4X7765B/
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| Fig. 9, Schematic drawing showing the method of applying potential to
the convex electrode.
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Pumping and Shielding

The apparatus -is pumped by two six inch oil diffusion pumps situa-
ted on the main chamber which houses the two ovens, The chamber housing
the electric field, 10 cm in diameter and 30 cm'long, is pumped through
the main chamber, In’additionm the apparatus exhibits a much higher
pumping speed toward condensible gases by virtue of a copper surface
lining the inside of the apparatus which is maintained at liquid nitro-
gen temperature. This cold trapping does not extend into the field
housing cylinder, However, the volume between the field collimating

slits Sl and S, and the entrance to the field is shielded in such a way

2
that particles scattered out of the beam intersection volume can reach

the detector only if they are transmitted through S, and S2°

1
The uncorrected pressure measured on an ionization gauge in the
main chamber during scattering experiments was usually less than about
5 x lO=7 mm Hg. While the pressure in the.field housing chamber may
have been slightly higher than that recorded in the main chamber, it
was certainly sufficiently low to.warrant ignoring the effect of scat-
tering of the beam by background gas. Thus the observed shape of the
beam in the absence of an applied potential was always close to the

theoretical trapezoidal shape predicted for transmissions through the

field collimation system (see Figs. 11 and 14 for examples).
EXPERIMENTAL CONDITIONS

The apparatus was constructed such that the rotation in product MX

could be investigated in three different ways. The simplest consists
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in observing the transmission of MX through the field at an applied
potential Vo, that is in observing the attenuation of the MX as a
result of the field with the detector positioned at the center of the
undeflected beam prc;fileo The observed transmission will allow one to
infer some average value of the rotation in éhe MX, and possibly also
some information concerning the rotational distribution function from
the functional dependence of the transmission on the applied potential,
Alternatively, by measuring the deflection of the beam by the field, it
may be possible to invert the observed deflection pattern to obtain the
distribution in effective dipole moments within the beam. Finally,
by varying the angle of the field, ¢, it may be possible to convert
the distributionsin effective dipole moments observed at different
field angles ¥ into the distribution in rotational states, p(J' ,M_'),

J

This distribution in MJv which is measured with respect to the direc-
tion of the field may finally be transformed into the distribution in
directions of J’ with respect to the relative veiocity of approach of
the reactants, which is the information to be compared with any
theoretical predictions.,
Alignment

A successful measurement of the product rotation is critically
dependent on the alignment of the apparatus, Both beams and the line
of sight through the two field collimating slits must pass through the
center of rotation of the 1id supporting the ovens (henceforth,referééd

to as the COR); small deviations of any one of these three from this

condition may result in a drastic reduction of the experimentally

realizable signal. Furthermore, the deflection patterns produced by the 

w
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field are a function of the shape of the undeflected beam profile, which

S,y L., L., and L

1° 2% “of "1 2

these parameters must be reproduced on each experiment. In addition,

is determined by S of Fig, 3; consequently, all of
the position of the beam in the field must be held constant, as Fig,
5(b) illustrated the strong dependence of the force on the z coordinate,
The three lines of sight were aligned to intersect at the COR by the
procedure described below, To insure identical geometry within the
field region during different experiments, neither the field nor either
of its collimating slits were removed when the apparatus was opened and
altered (usually by way of recharging the alkali oven) subsequent to
the primary alignment,

Primary Alignment Procedure

The center of rotation (COR) of the 1lid is determined by suspending
a weighted thread from the 1id and varying its position until it is
found to remain stationary upon rotating the lid. As the axis of rota-
tion of the field housing was designed to intersect the axis of rotation
of the 1id, a cathetometer is positioned looking down the axis of the
field housing and through the COR.

With the field in its normal direction (y = 0°) it is then posi-
tioned within its housing such that the cathetometer line of sight is
parallel to the equipotentials and at approximately y = 0, z = 1l.2aj
the two oven and cold shield slits are subsequently aligned along the
cathetometer sighting. The detector and the field collimating slits
82 and Sl are then aligned in that order along the cathetometer line of

sight, The most critical requirement in the optical alignment is that

the field slit system S, and S, be looking through the COR, Optical

1
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alignment of the detector is unimportant, as it can be positioned
accurately during the experimeht by maximizing the signal recorded for
the undeflecfed beam,
Beam Conditions

In addition to thermal distributions in velocity, both beams are
formed with considerable angular spread due to the poor beam collimation
imposed by intensity limitations., Bmpléying electron bombardment ioni-
zation and a four-pole mass spectrometer, Wilson17 found that the gas
beam has a full width at half intensity of ~12° and that the beam shape
was roughly triangularo While the alkali atom beam profile differed
from those previously reported, it was not measured during these experié
ments,; as such a measurement would.have necessitated removing the field
collimating slits. From the widths and positions of the alkali oven
and cold shield slits, a roughly square profile with a spreadvof'N3°5°
is expected. These angular spreads imply a scattering volume defined
by a beam of alkali atoms “0.6 cm wide and of constant intensity cros=-
sed at an angle vy, which will usually be 90°, by a gas beam with a
triangular beam inténsity and a full width at half maximum of about
0.65 cm,

As the scattering volume is not cylindrically symmetric, a correc-
tion would have to be applied to angular distributions measured on the
present detector, which sees only a fraction of the total scattering
volume, This arises as the effective volume in the case of detector
collimation may be a function of the angle of observation, @, In fact,
however, the only information obtained from conventional angular distri-

bution measurements, where the detector can see the entire scattering
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volume, which is necessary for this experiment will be the percentage of
the signal recorded at a given angle which arises from nonreactive scat-
tering of atoms., This number will not be affected by the detector
collimation, Knowledge of the percentage atoms scattered is necessary
to interpreting this experiment in that the observed deflection patterns
will be composed of those resulting from both atomic and molecular
deflections,
Estimate of Expected Signal

The ratio of accessible signal in this experiment to that obtained
in a conventional experiment, where the detector views the entire scat-
‘tering volume, is SHP/OQ6H where S = S19 %b is the height of S, and H
is the normal height of the scattering volume, Employing the experi-
mental dimensions cited earlier, this number is approximately
(.01)(.65)/.,6x1 ~ 1%, In addition, an intensity factor of roughly five
is lost as the detector is further away from the collision zone than in
conventional experiments., Thus, the scattered signals detected in this
experiment should be about five hundred times weaker than those observed
in conventional experiments where one simply measures the scattered
signal versus laboratory angle, Unfortunately, this intensity problem
cannot be improved much by widening the slits or shortening the distance
from scattering zone to detector. As the angular momentum of product
MX is to be determined by observing the MX deflection upon traversing
the field; the width of the undeflected beam must be comparable to or
smaller than the molecular deflections, thereby limiting S. to the

1

neighborhool of the experimental value chosen, For the same reason,
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the length of the field cannot be shortened, as the molecular deflection
is proportiocnal to the square of this length,

The signal levels reported7'in the study of product rotational ex-
citation in the reaction of potassium with bromine are typical of the
signals which are experimentally realizable, The potassium oven tem-
peratures were 613°K and 651°K for the lower and upper chambers
respectively, The bromine was prepared on a glass vacuum line outside
of the main chamber at a pressure of ~250 u (as measured on a Hastings
thermocouple gauge) and effused from the gas oven at a temperature of
316°K, This resulted in a peak K beam signal transmitted through the
collimating slits of '\olom8 amperes which was attenuated “40% by the
crossed Br2 beam. The peak scattered signal recorded at (@ = 30° was
w2 % 10"=13 amperes, or 0,002% of the potassium beam signal,

Distortion of Polarization

There are four effects which may tend to distort the measurement
of the MJv distribntion of product MX by obsérving its deflection in
 the field. Once the MX is formed in a reactive collision and is in
fransit to the field, it is isolated in space, Then there will be a
weak coUpling of J' to the nuclear spins of M aﬂd X. This couplipg
should not alter the value of J', but it may introduce an uncertainty
in M_", as later measured by the field, of the magnitude of the total

J

nuclear spin. Experimentally, this distortion of the MJV distribution

could be prevented by imposing a homogeneous field across the region

1]

between the collision volume and the inhomogeneous field; this would

serve to couple M.' strongly to the field direction as long as the

J

interaction with the field were stronger than the intramolecular
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hyperfine interactions, In fact, however, even in the most favorable
case, the distribution in MJ° resulting from reaction will be expected

to exhibit a spread in M.’ comparable to or greater than the distortions

J
which can be introduced by the nuclear spins. Thus, the effect of
nuclear spins, even in the absence of a field imposed across the reac-
tion zone, should be confined to a slight broadening of the MJ° distri-
bution,

The information of interest for comparisonlwith any theoretical
predictions is an experimental determination of the distribution in the
projections of J' onto the relative velocity with which the reactants
approach, However, the thermal distributions in velocities of the two
crossed beams will result in a distribution in directions of this rela-
tive velocity, implying a broadening of the MJ“ distribution which may
be measured, This effect does not then distort the measured laboratory
distribution in directions of J' with respect to the electric field
direction; rather, it obscures the information concerning the direction
of J' in the coordinate system apprdpriate to the reaction which may be
deduced from the measured laboratory distribution. Velocity selection
of one or both reactant beams would reduce this spreading, but of course
such selection reduces the attainable intensity, This distortion of
the MJ‘7 distribution may be calculated, as it is possible to calculate
the distribution in directions of the relative velocity of the
reactantSDQS

The slight variation in EBE/ai with y was shown in Fig, 5(a).

However, this does not imply such a small variation in an insofar as

the direction of the field varies appreciably with y3; thus, at z = 1l.2a,
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the angle the field makes with the‘line y = 0 varies from “60° to v=-60°
as y varies from a to -a, Consequently, if the MX products enter the
field without distortion in the rotation axis direction, the value of
MJV seen -by the field will vary appreciably over the height of the beam,
This effect will soon be corrected by the addition of electrodes (not
described in this report) attached to the front of the field electrodes,
which will be designed such that the entering MX first sees a uniform
electric field, This buffer field will be designed to merge continu-
ously from a uniform field directly behind the second collimating slit
82 into the "congruent two-wire” field slowly enough that the MJ°'
states of the alkali halide should adiabatically follow the change in
field direction., Experimentally, these buffer fields can be designed
as an extension of the two pole faces already discussed; their surfaces
will then be cut off at an angle such that at one end they merge into
the existing electrodes; while at their front end they merge into two
plane parallel electrodes.

A fourth origin of distortion of the MJ0 distribution which can be
induced by the present experimental design arises from the possibility
of transitions between MJU states as they are. entering the field. The
magnitude of this effect is enhanced by high field strength and by a
rapid build-up of the field, Experimentally, the buffer field des=-
cribed above should also result in appreciable reduction of the field
strength at the entrance to the field, thereby inhibiting thié effect,
Further, by replacing the metallic collimating slit 82 by one construc-
ted of an insulator, the fringing field originating at the end of the

buffer electrodes should extend through SQ9 thereby securing a less

abrupt rise in the field strength,
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THEORY OF DEFLECTION PATTERNS

.Theoretical expressions characterizing the deflections of beams of
atoms or polar molecules are developed in this section, Tables IIa and
IIb summarize a number of useful relations, in terms of the physical
parameters and as working formulaé respectively.

Calculation of Effective Dipole Moments
Any atom or molecule will interact with an external field due to
the distortion of its field free charge distribution by the field, The
induced dipole moment in the case of alkali atoms will be given to
first order by
up = ok, (9)
where a is the scalar atomic polarizability. The resulting induced
for'ce_9
F, = abg= ,
will always accelerate the alkali atoms towards the high field regionj
in this report deflections toward the high field region are taken as
positive by convention,
The deflection of a beam of alkali halides is far more complex than
that of an alkali metal beam. In addition to a thermal distribution in
velocities and the intensity distribution at zero field, it is necessary

to consider distributions in M. and J states, as the effective dipole

J

and therefore the force will be different for different rotational

states,
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Table IIa., Summary of relations

Quantity Symbol Relation
Field E aVo/rlrz(yns)
Field gradient ?E/3z -aV_z(r 2+r 2)/r 35 3(7&8)
(e} 1 2 1l "2
. . 2
Moment of inertia I mmr /(ml+m2)
Rotational constant B h/8n2cl

Induced moment

polarizability up - akE
Rotational energy W heBJ(J+1)
Translationai energy wt l/2mv2
Electrical energy W af§B°°d£
Effective moment

rotating dipole Mg uf(E)G(JI M), £(E) = ='%E

r
J(J+1)-3M°
GLIM) = 13T TG+
Force on induced moment Fz ueaE/az
Deflection s FL, (L +2L,)/2nv’
s, . F,L (L #2L))/uKkT,

o) 2 2
.8 u EBE/ale(Ll+2L2)/8k TtTr
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Table IIb, Useful working formulae
Quantity Symbol Unit Working formula
Potential Vo volt
Apparatus dimensions cm
Bond lengths r R
Mass m gms/mole
Polarizability a 23
Temperature T °K
Velocity v lOu cm/sec
Dipole moment u Debye.
v
Field E volt/cm 0,992
r.r
172
2 2
SE ) 9 z(r +r, )V°
Field gradient 37 volt/cem -0,9921 T3
F1 72
2 m_m
Moment of inertia I 52:3— 1,659x1072¢ 22D 2
atom m+m m
a b
Rotational constant B em™t 207987x10=23/1
megacycles 8,3902x10719/1
Induced moment -9
polarizability up Debye 3,3356x10 “akE
Rotational energy Wr kcal/mole 20860x10nsBJ(J+l)
Translational energy Wt kcal/mole 10195x10’3mv2 E
Electrical energy we kcal/mole au°8032x10"8 £ioqg
0
I"iﬁﬁiﬁiﬁzmigﬁole W Debye ~1,6794x10™> u’Ea(J 1)
' e ~ ° - TBIGED
F dynes 3,3356x1072% y o 3E

Force on induced moment

e 38z
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Table IIb. {(continued)

Quantity Symbol ~ Unit Working formula

K

5 Mg ale(Ll+2L2)
2
mv

Deflection s ~ cm 1,005x10™

QEL (L +2Lé)

TR
-6 1
s em 6.0u2x10"° .32 1
a - T
t
2. 3E
wlE.2EL (L
o -11 E s
s em 7,301x10 z 1
a T
tr

+2L2)




=35«

The perturbation term in the Hamiltonian for the interaction of a
permanent dipole moment with an external electric field E is expressed
as

H= -uks
y is the permanent dipole fixed along the internuclear axis of the mole-
cule which is rotating in the laboratory about the total angular momen-
tum J. An alkali halide in its lZ electronic ground state will not
experience any Stark perturbation to first order, as the first order
time averaged component of the dipole moment in the direction of the
field will be zero., Second-order quantum mechanical perturbation theory

predicts that the potential energy of the alkali halide in the field

will bel 0
2.2 -
JoM_ hcB 20 (J+1)(23-1)(2J+3)

J
where B is the molecular rotation. constant. Eq. (10) is valid in the

strong field limit, which will always prevail in these experiments,
where the perturbation of the dipole by the field is larger than the
intramoclecular hyperfine interactions. Diffefentiating Eq., (10), the
effective component of the dipole moment to second order is obtained as:
ue(J,MJ)= f(E)G(J,MJ) (11)

where

£ = -uE =uE

= ReBgCI+Lly ~ N (11a)

J(I+1) - M2
G(J M, )= J (11b)
oMy = =TTy

and wr is the rotational energy. In the classical limit where J is

large and
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MJ/J = cos¢,

¢ being the angle between J and E, Eq, (11) agrees with a second order
classical expression due to Sterno25 Thus the force acting on a polar
diatomic in an inhomogeneous electric field will differ for different
rotational states and may accelerate the-dipole on either high.or low
field depending on MJ/JQ |

The perturbation energy given in Eq. (10) will suffice to describe
the deflection of thermal energy alkali halide beams, The most impor-
tant correction terms will arise from.the fourth-order Stark efféctv
term and the induced dipole moment due to the polafizabilities of ‘the

alkali halides; incorporation of these corrections modifies Eq. (10) to

read

(2) (%) (a)
W, . =W + W + W ol (10a)
J,MJ J,MJ J,MJ J,MJ

where the polarizability may now be a tensor interaction,

The fourth~order Stark perturbation term has been given by Wharton,

Kaufman, and Klemperer a827

TN :
(4) _ ¢ E
ngM = S f(J,MJ)'

J  (hcB)
where f(J,@J)= A+B+C+0D

and:

<J2=MJ2)<(J=1)2;MJ2>
A =
82(2J-3)(23-1)3(2J+1)
2 2 2 2
L ((I+1)°-M ) (M7 =(3+2))

8(J+l)2(2J+l)(2J+3)3(2J+5)
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2 2 2
J )(MJ = (J+1)7)

8J(J+l)3(2J~l)(2J+l)(2J+3)2

(J(J+1) = 3M

(3(3+1) - M Hy.? - %
D= J J )
8J3(J+1)(2J~l)2(2J+l)(2J+3)

Calculations of the fourth-order interaction for a thermal beam (850°K)-
of CsCl justify neglecting its contributions, Thus, for the most
probable J value in the beam (v65) and an applied potential of 25 kv,
the fourth-order term is always less than 1% of the second-order term.,
These small perturbations on the second order term can be neglected
because they are important only for very low and therefore improbable
J states; even for these states, the fourth=order contribution probably
won't be important until the applied potential is sufficiently high that
the molecules are deflected beyond the range of scan of the detector,
In fact, it is probably the fate of these very low J values to hit the
electrodes and so not be transmitted through the field,

The matrix elements referring to the polarizability interaction

have been evaluated by Marshall and Weber28.for a linear rotor as

() _ 1 2 1 .2
WJ,sMJ- L -2'= adE F(J,MJ)-’ -2- GXXE

where @y %A, = O o As the polarizabilities of all of the alkali
halides will be small (see Appendix I), Eq. (11) should be a very good
approximation to the effective dipole moment, although the most impor-

tant correction would be the polarizability interaction.
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Effect of Beam Shape and Velocity Distribution

Consider the profile of a beam transmitted through the field colli-
mating slits Sl and S2 at zero field, Scattered flux entering S,
originated in the scattering volume; in the case of thermal beams for
calibration, the alkali metal oven was used to form the beam and ﬁo
crossed gas beam was present., In either case, the source is sufficiently
wider than S. to be regarded as>infinitely broad, Under these condi-

1

tions, the zero field intensity f versus detector position Sq will be

given by29
(s ) =1 d"'So s =d <8 < wp A (12a)
o O e o
f(so) = I09 =p<s_<p ~(12b)
and
' daso
f(so) = I 5 p<s, <d . (12¢)

" where Io is the flux at the center of the beam, The parameters p and d

are defined by

P =4S, + (32 - $,)R, (13a)
d = %é2 + (S,+ SR, ' (13b)
and
R= (L + L,)/L. | (13c)

The dimensions of the apparatus listed in Table I predict that p =
0,005 cm and_d = ooqus cm.

| Assuming'the z comﬁonent of the forcé to be conétant over the dimen=
sion of the beam, tﬁe deflection experienced by an étom with velocity v

and mass m which would arrive at the detector position Sq in the absence
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of an applied potential is readily derived to be

F L (L, + 2L,) ) '
s -5 =& 11 .2 (14)
2
2mv

where Fz is given by Eq. (1). The deflection of particles traveling
with the most probable velocity in the source,

2kT

t
&= = (15)
is calculated by Eq., (14%) to be
F L.(L, + 2L,)
z 171 2 (1ta)

Sa © (Sﬂso)a = uth

where T is the translational temperature in °K,

In general the z component of the force Pz, will be a function of
the quantum state of the particles, e.g., for a polar diatomic FZ =
FZ(J,MJ)o Accordingly, there exist an S, corresponding to each populated
quantum state in the beam, S =-si° By.a slight extensjon of the deri-
vation given by Ramsey30 for the case of magnetic deflection, an expres-
sion for the signal measured on a detector of infinitesimal width;;_ 
I(ngo)g as a function of detector position s may be derived for tﬁe
deflection of a beam in one quantum state characterized by siob By

averaging over the assumed thermal distribution in flux velocities, and

the shape of the zero field beam profile, the following expression is

obtained:
I(s,V ) = 0,0, 5 < ~d
ct+d ws;/(s+d)
I_(”S.;Vo) = Id = E:?l; e 9

-d £ 5 € =p (16a)



i
=s_/(s+p)
SN L _ s+ o
I(ssV) = I =1 =1, - = e .
-p £8EP (16b)
.- us;/(s=p)
I(s,V) = I,-1 ~Iep = Id-Ip - E:%’e .
p<s gd, (16¢c)
I(s,V ) =T+l I I =1.-I -1 ¢33 e”si/(s’d)
* *To d "-d "p -p d p =p d-p
d<s. (164)

As remarked above, Eq., (16) assumed a thermal distribution in
velocities and therefore may not be applicable to the deflection of a
beam of alkali halides obtained as products of a chemical reaction, In
addition, Eq. (16) is 'an expression.for the relative signal, as I, of
Eq.(12) was set qual to unity. Consequently, I(s,Vo) is normalized

such that f I(sgvo)ds = p+td. Further, Eq. (16) applies only for
s: > 0, An analogous expression for s: < 0 is obtained by reversing the

. i
signsof Sy and s:

I(SQVO) = 0,0, s 3 d

I(SQVO) = =I=d’ p<sg<d | (17a)
I(s,V,) = I,p°1gd9.°P $s<p : (17b)
I(s,V ) = Ip+Iep°I=d° -d §$ 8 g -p - (17¢)
I(SQVO) = Ip+Isp“Id“I=d’ s s =d, (174)

Reduced Variable Formulation
The deflection of a thermal Beam of alkali metal atoms should be

described by Eq. (16) (assuming negligible detector width) as all the
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particles of the beam will experience the same force. The deflection of
a beam of alkali halides is far more complex however due to the distribu=-
tion in rotational states and conéequent distributions in the transverse
force, In this case, part of the signal recorded on a detector of
infinitesimal width at the position s would have arrived at the position
s, in the absence of an applied potential v, and is characterized by a
rotational energy Wr and q = cos¢ = MJ/J9 that is

dI(sgvo)ds = f(so)dsop(v)dvp(wrgq)dwrdq , | (18)

where p(wr,q)dwrdq is the probability of finding W, and q in the inter-
vals wr to wr + dwr and q to q + dq and p(v)dv is the probability of
finding the particle velocity along the field axis in the range v to
v + dv. Then the total deflected signal arriving at s may be evaluated

by first integrating over f(so) and p(v), yielding

» (19a)

- N fov
I(sgvo) = [dwrdqp(wr,q)fdsof(so)p(v) Qﬁ;)sog Wy q

or by first integrating over the thermal distributions to obtain

oW
I(sgvo) = fdsof(so)fdvdqp(v)p(wr,q)<%§i> sO,v9q° (19b)

Expression (19a) may be written as

ooq2
I(s,V ) = I I
0

For s (W _,q,V)) > 0y q = 1//3, a, = 1, and I(s,V ;W _,q) will be given

. §wrdqp(Wr,q)I(s,Vo;Wr;q)o (20)
1 :

by Eq. (16); when sa(wr,q,vo) < 0, the limits become q; = 0.0, q, =
1/Y3, with I(s,VO;wr,p)-given by Eq. (17). Eq. (20) is still quite
general; it assumes a thermal distribution in velocity and a field free

profile given by Eq. (12), but leaves the functional form of p(Wr,q) and
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sd(wrgqgvo) unspecified, In considering the deflection of beams with
arbitrary distributions in Wr and q, Eq, (20) will prove the more
© fruitful approach. In fact, for some forms of the rotational distribu-
tions, partof the integral in Eq. (20) may be evaluated, Thus, as shown
in Appendix B, the integral over cos¢ = g may be evaluated for an
assumed isotropic distribution,

However, in considering the deflection of a beam with a thermal
distribution in W, and q,

==Wr/kTr W
oW, dq = e © TafE) dq | (21)
r

- where 0 < Wr <o, 0 <q<1, it is easier to first integrate over Wr and
q. The thermal distribution in flux velocities is given by
p(viav = 2 T ™V /% gy (22)
o
where a is the most probable source.velocity. In order to evaluate

Eq, (19b), we define a reduced deflection, rotational energy, and trans-

lational energy by

o = (s=s°)/s: (23a)
x = W_/KT_ o (23b)
y = W /KT, _ (23¢)

where Tr and Tt are the rotational and translational temperatures in

degrees Kelvin (Tr = Tt for a thermal beam) and

2:93
o  WESZ L, (L +2L,) _
Sq = 5 (24)
8k°T T, ' \
rt

" is the deflection of the dipole for which Wr'z kTrg la| = 1, and v = a.
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. Following Frazerzs, it is possible to reduce Eq. (19b) to the fol-

lowing form:

g
I(s,V ) = f 2 f(sns:o)w(o)do (25)
o
1
_ s+d . S=d
where 61 = 5 2 - ™%
a zsa
qz”’azogl 3q2-1
and W(o) = [ I e y _S_im yydydq° (26)
Q 2yo
where q, = iw q, = 1 for ¢ > 0, g. 2 0, q, = i-for o < 0, Physicall
1 /’3-' 2 1 !2'/5 ° y Y

W(o)do is the probability flux in the region o to ¢ + do measured on an
infinitely narrow detector and originating by the deflection of an
infinitely thin beam., The function I(s,Vo) in Eq. (25) is still a rela=-

tive flux normalized such that I I(sgvo)ds = p+ do

The transmission of the field, the relative signal recorded at an
applied potential Vo with the detector positioned at the center of the

undeflected beam, is given by Eq. (25) as:

o :
2
I(0,V ) = [ f(usZ\O)W(c)doq_

9

Thus, the transmission of the field is a function only of SZ which for
constant experimental geometry may be expressed as
2, 2
o M Vo
s.a

") TtTr

Assuming the product MX to be characterized by rotational and transla=-
tional temperatures Tr and Ttg and assuming Tt to have been measured,

comparison.of the product MX transmission with that obtained with a
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thermal calibration beam (reported in the next section) determines the

rotational temperature of the product MX,
PRELIMINARY BEAM EXPERIMENTS

Deflection of Thermal Alkali Atoms

The deflection experienced by a thermal beam of cesiﬁm atoms upon
traversing the field is shown in Fig., 11. Cesium atoms were chosen as
a .thermal test case because their large polarizability insured an
easily measurable deflection and because the Cs2 content of the beam
should be negligible, The experimental distributions at 0 kv and 30 kv
were measured on a hot tungsten wire 0,0076 cm in diameter. The two
calculated deflection pafterns shown in Fig. 11 as the solid and
dashed curves were_computed by Eq. 16, Accordingly, the calculations
assumed negligible detector width, a,thermal effusive distrjbution in
velocities, a constant force over the dimensions of the beamg‘and a zero
field beam profile described by Eq. 12 with p = 0,005 cm and d = 0,043
cm (shown as the dash-dot-dash curve of Fig. 1l1),

It was not possible to calculate I(s,30) without first determining
" the value of z at which the beam traverses the field, and therebyideteru
mining the ratio E(ag/az)/vo2o The expérimental deflection of cesium
atoms could be used to calculate z by varying S, and thereforeE(aE/az)/Vo2
until obtaiﬁing the best fit between the experimental and calculated
deflection patterns. However, as described lateér, a more precise value
of z was obtained by comparihg the experimental and theoretical deflec-

tion of a thermal cesium chloride beam; this calculation led to a best
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value of z/a of 1,51 implying that for our experimental geometry:

E = 2,97 Vo (v/em) : (27a)

3E _ - 2

5 ° «8,63 V° (v/em®) (27p)
and ‘

EZ - 256 v (vV/emd)

39z
where Vo is measured in volts,
Thus, at 30 kilovol{s;:taking Salop, Pollack and Bederson's value3l
for the cesium polarizability of 52,5 23, and employing the working

formula cited in Table II, a dipole moment of
by = (3.3356x10"2) (52.5) (2.97) (3x10") = 0,0156 Debyes

should be induced in the cesium atoms, resulting in a deflection of the
most probable source velocity of sé = 0,24 mm, A plot of I(s,30 kv)
calculated from Eq. (16) for Sy = 0,24 mm is shown as the solid curve in
Fig. 11. The dashed‘curve of Fig. 11 was calculated, for S, 0.20 mm,
corresponding to a cesium polarizability of u2 XS; this is the lower
limit of the range of values quoted by Chamberlain and Zorn32 and is

a lso the value found by Scheffers and Stark33 in an early electric
deflection measurement,

Neither calculated curve can be said to be in good agreement with
the experimental one, The peak position of the solid curve matches well
wifh the experimental values, while the dashed curve.séems to match
intensity and overall curve shape better., Indeed, from the two calcula-
ted curves, it is apparent that no value of s, will make I(s,30 kv)
coincide withi the experimental curve, Consequently, in order to obtain

more quantitative agreement between the calculated and experimental
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deflection patterns, it would probably be necessary to incorporate into
the calculation the detector width, experimental field free beam pro-
file, variation in F_ over the dimensions of the beam, and possibly
deviations in the velocity distribution from the Boltzmann flux distri-
bution,

Incorporation of the experimeﬁtal detector width in the calcula-
tions would round off the corners on the theoretical zero field profile;
it would probably have much less effect on the shape of the thirty
kilovolt patterns except that the peaks would be slightly flatter and
broader, As remarked previously Fz will show only a slight dependence
on y over the height of the beam., However, the beam width will intro-
duce an uncertainty in z on the order of |Az/a| ~ .08, Thus, the
assumption of a constant force, Fz9 over the width of the beam will
probably result in an experimental distribution skewed to high field.
with respect to the calculated distribution,

The experimental points at zero field shown in Fig. 11 do not fall
to zero as fast as theoretically predicted. While part of this effect
is due to the finite width of the detector, it is almost certainly due
as well to scattering of the beam traversing the field by background

gas, The cold shield between S, and 82 shwon in Fig, 3 was installed

1
to reduce this effect. During experiments measuring product alkali

halide deflections prior to installation of this-cold shield, appre-
ciable R=X scattering gas entered the region between Sl and Sys thereby :'
extensively broadening the beam arriving at the detector. Finélly, |

even in this experiment measuring the deflection of a cesium beam

effusing from a thermal source, the actual velocity distribution may
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" not accurately obey a thermal distribution. There may well be a distor-
tion, especially pronounced at low velocities, due to Cs-Cs scattering
within the beam, In fact, Chamberlain and Zorn32 remark that their
experimental distribution is somewhat broader than that they calculate,
While they did not really know the cause of this broadening, they
suggest that it may be due to cesium=cesium scattering within the beam,
thereby altering the velocity distribution,
Deflection of a Thermal Cesium Chloride Beam

'Cesigm chloride was chosen as a thermal calibration standard
because it does not associate into dimers to a detectable extent in the
gas phaéeauo The transmission of the field, I(O,Vo) for a thermai CsCl
.beam is plotted versus applied potential in Fig, 12, One adjustable
parameter, the experimental value of z/a, was varied to obtain the best
fit between the experimental values and those calculated by numeriéal
integration over W(o) employing a step size in Sy of 0,0002 em, The
characteristic deflection of the beam, s: of Eq. (24), was varied by
varying the parameter'=E®B/az)Mg2 in order to obtain the best fit. The
function W(o) has been calculation by Feierabend26 by numerical integra=
tion and is plotted in Fig. 13, This best fit between experimental and
calculated values was obtained for z/a = 1,513 thus, E and aE/éz are
related to V° in the experiments described in this report as expressed
in Eq. (27)., The fact that the experimental transmissions become
higher than that calculated at high fields is probably due to the fact
that the field free distribution did not experimentally fall to zero as

fast as f(so) would predict, probably for the reason mentioned earlier
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(Fig. 14 shows the experimental shape of f(so))o Furthermore, it was
not possible to calculate the transmission at low field from Eq. (25),
as values of W(o) are required for Iol in excess of the range tabulated
by Feierabend. The fact that contributions from large o can be impor-
tant is' dramatized by the fact that w(o) is defined such that
J w{o)do = 1, whereas integration over the range of ¢ tabulated by
F:ierabend yields fu w(o)do = 0,901,

Fig. 14 compar;: the deflection pattern produced at 15 kv by a
thermal cesium chloride beam with that calculated by numerical integra-
tion of Eq. (25) with a step size in s, of 0,0007 cm, Once again the
calculated relative signal, I(SQVO), is too low at large s (|s| >
~0,4 mm) because experimentally f(so) does not fall to zero as fast as
assumed for the calculation. The width of the experimental zero-field
curve also appears to bg narrower than that assumed. Finally, the
experimental curve appears to be shifted slightly with respect to that
calculated toward the high field region. Incorporation of a small
polarizability interaction into the calculation would probably account
for this, Thus, a polarizability of 6,2 g3 for CsCl would result in an
Sy, of 0,03 mm, as calculated from the formulae in Table II; this is
roughly the distance the calculated pattern.needs to be shifted in

order that it be symmetrically placed about the experimental pattern.
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APPENDIX A"
Properties of Alkali Metals and Alkali Halides

Relevant properties of the alkali metals and alkali halides are
summarized in this appendix in the form of three tables, Most of the
entries in these tables are self-explanatory, althdugh a'few warrant
additional discussion here,

Table AI lists relevant properties of the alkali mefalso Salop,
Pollack and Bederson31 measured the alkali atom polarizabilities by
means of the "E=H gradient Balance" method, By employing pole tips
which were simultaneously electric and magnetic equipotentials of the
"tw0owirelg configuration, they achieved congruent eiectric and magne-
tic fields in the gap., By balancing the magnetic and electrical
interactions on a beam of alkali metals traversing the field and sub=
sequently determining the values of H and E, they measured the polari-
zabilities with a minimum of experimental errors. Chamberlain and
Zorn"s32 values of the alkali metal polarizabilities are included in
Table AI because they are the most recent measurements obtained by
cbserving the deflection of the beam in an inhomogeneous electric
field, the same method being described here. There appear to be no
measurements of the polarizability of the alkali metal dimers. A num=

ber of useful properties of the alkali halides have been listed in

Table AIII, The masses listed refer to the natural isotopic abundances;

the isotopic identification indicates the particular isotope to which
the quoted rotational constant refers (these numbers are known to many
more figures than are indicated hereas)o The polarizabilities were

estimated on a model of the alkali halide molecule as two charged
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spheres. The polarizability was assumed spherical (axx = ayy = “zz)

and was taken as the sum of the polarizabilities of the appropriate
alkali and halogen ions., These ionic polarizabilities were in turn
taken from Rittner36 and were initially calculated by Paulingo37 Again,
there do not appear to be any experimental measurements of these

polarizabilities,

<
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Table AI. POLARIZABILITIES OF ALKALI ATOMS

Metal Mass a-Polarizability (33)
(gm/mole) Salop, et i},,a Chamberlain and Zorn®
Li 6,95 20 + 3 22 2
Na 22,99 20 £ 2,5 21,5 * 2
K 39,10 36 £ 4,5 38 t 4
Rb : 85.u8 4o £ 5 38 + 4
Cs 132,91 52,5 £ 6,5 4g * 6

aRe ference 31,

bRefe'er'ence 32. o
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Table AII., PROPERTIES OF ALKALI DIMERSa

. o .

Dimer Mass D° loglo Kp -2 r. B Wy
(gm/mole) (kcal/mole) log,, Pm/Pd &) (cmal) (cmnl)

(atm)

Li2 13.88 25,76 £ .10 16,9304 2,672 0,67272 351,43
Na2 45,98 17.53 £ .15 10037807 3,078 0,15471 159,23
K2 78,20 11.85 = .10 6,09178 3,923 0,05622 92,64
Rb2 170,96 11.30 £ .30 5,7032 4,12 0,0231 57.28
CS2 265,82 10,38 * .30 5,0623 4,46 0,0127 41,99

., H. Evans, R, Jacobson,.T, R, Munson, and D. D. Wagman, J. Research

Nat?l Bureau Standards 55, 83 (1955),

v
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Table AIII. PROPERTIES OF ALKALI HALIDES

Mass Polarizabilitya Dipole Moment Rotationalb Vibrational

M ] u Constant frequency

(gms/mole) (8% (Debye) (cz=l) “eal

. (em ™)

i 25,94 1,1 6,6° 1,5087 906,21
1i’c1%° 452,40 3,7 7,12° 0.7065 6628
Li'Bp 86,86 4,8 6,19 0,5554 5768
7 1385 7.2 6.64° 04432 5018
NaF 41,99 1.2 8,374 0,4369 (463)%
Nac1®® 58,45 3.9 8,5% 0,2181 366"
NaBp > 102,91 5.0 9,4° 0,1513 302"
Nart?’ 149,90 7.3 (gog)f 0,1178 258"
k3°F 58,10 1.9 7.33° 0,2799 4007
k39¢1%° 74,56 4,5 10,48° 0,1286 281"
k%2 119,02 5,7 10,41° 0,0812 213"

K3°1*?7 166,01 8,0 11,1° 0,0609 (173)0
RbS°F 104,48 2.5 8,80° 0,2107 3903
rp%°013% 120,94 5,1 10,6° 0.0876 728"

Rb8er’Y 165,40 6,2 10.5° 0,0475 (166)"

rb8511?7 212,39 8.6 (10.8)F 0,0328 (128)"
CsF 151,91 3,5 7,88 0,1844 3857
csc1®® 168,37 6.1 10,5° 0,0721 209"

CsBr ° 212,83 7.2 10,7° 0,0361 (139)"

cs127 259,82 9.6 12,1° 0,0236 (1o1)"




3Estimated as described in text,
b .
Reference 35, .
c
Reference 3,
d

R, K, Bauer and H. Lew, Can, J. Phys. 41, 1461 (1963),

€A, Lo McClellan, Tables of Experimental Dipole Moments (W, H. Freeman
and Co,, San Francisco and London, 1963),

fThese are theoretical estimates; see reference 36,

W, Klemperer and S. A. Rice, J. Chem. Phys, 26, 618 (1957),

hSo A. Rice and W. Klemperer, J, Chem. Phys., 27, 573 (1957).

*6. L. Vidale, J. Phys. Chem, 64, 314 (1960),

JR, F. Barrow and A, D, Cannt, Proc, Roy. Soc. (London) A219, 120
(1953).

kY° P, Varshni, J. Chem. Phys. 28, 1081 (1958),

g
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APPENDIX B
Transmission as a Function of Wr for an Isotropic MJ Distribution
In this appendix, an expression for the transmission through the
electric field as a function of the rotational energy of the molecule
Wr is evaluated for a beam of molecules charactered by a translational
temperature Tt’ a field free beam profile given by Eq. (12), and an

isotropic distribution in M The molecule is assumed to experience a

JO
second order Stark effect in the field. Then, the observed transmis-

sion through the field, R(Vo)9 will be given in terms of the transmis-

sion of one rotation state, R(wr;VO) by

R(V)) = ] p(W IR(W 5V ). (B1)
W
r

The deflection of a particle travelling with the most probable

source velocity a will be given in the classical limit where cos¢ =

MJ/J by
= Y.
s, = G (B2a)
r
where
2
G = Eﬁgirizh (B2b)
and 2
w°E 3E/3z L. (L. +2L,)
17172
¥y = ﬁ ° (BQC)
t

It is convenient at this point to define R(Wr;Vo) as
=3 + o = Q
R(wr,vo) = R (wr,vo) + R (wr,vo), (B3)
where R' originates from particles suffering positive deflections and

R~ from those suffering negative deflections (by convention HJ/J > 1/V/3

results in positive deflections). The distributions in M/J = cos¢ =g
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is assumed isotropic so that the distribution in q is given by
1
p(qldq = 5dq, -1 £ q £ L. (B4)

Consequently, from Eq. (16) assuming a negligible detector width we

obtain _ x6(q) _ ¥6(q) (B5)
: 1 Wd W p '
+ . - )_d_ r P r
R (w?fv°) = I dq 5 e - d-p‘e
i i
V3

This may be evaluated in terms of the error function defined as38

erf(z) = (B6)

=‘h|r\>
S,
N
o
¥
ot
N
[a
t

the results are: 1/2

W y/uw d
RA gv ) = 2T )g3/2, erf %) erf( ))
- T% (e (4-p)/37 / /g
PR7CE . —
3/2 Y r f 3y [y
-=p e (erf( W) - erf( Wr—ﬁ-))} . (B7)

In a similar manner

1/V/3
= . _ d vG(q) p yG(q)
R (WP,VO) = jo dq{d-p e W4 T e 5 (B8)

This may be evaluated in terms of Dawson's integral?8

Daw(z) = e dt; ' (B9)

ES )

the results are:

| 2w 1/2
R‘(wr;v")) (djp)/’-”{ 2Daw (/%d-) p Daw(/uw_ )} “ .

(B10)
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