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A narrow beam of neutral K atoms was scattered in
H,, He, Ne, N2, A and CO; at low pressures. The distribu-
tion of the scattered K atoms about the original beam was
measured by the Langmuir-Taylor surface ionization
detector. The experimental conditions were sufficiently
refined that K atoms suffering very small angular devia-
tions (down to about 4.5’ of arc) were counted as scattered

atoms. The computed “‘effective collision radii” when
compared with the values expected from the quantum
theory of elastic sphere collisions show good agreement
for Hy and He. For the other gases, the experimental
values are much larger, indicating the existence of con-
siderable interatomic attractive forces even for Ne and A.

INTRODUCTION

HE kinetic theory of the collision of mole-

cules treated as elastic spheres predicts a
scattering function I(6) which gives a uniform
scattering per unit solid angle with respect to
the centroid of the system composed of the two
colliding molecules. In other words, all angles of
scattering are equally probable. By the angle of
scattering we mean the angle through which the
relative velocity vector of the colliding molecules
is turned. If the simple elastic sphere model is
improved by the addition of a force field the
scattering function will no longer be uniform
but will give preference to scattering in the
forward direction. This model will thus increase
the probability of small angle scattering. How-
ever, if we attempt to use this revised model for
computing collision cross sections it turns out
that, as we define smaller and smaller deviations
as collisions, the mean free path tends to zero
and the collision cross section tends to become
infinitely great.

1 Mais and Rabi, Phys. Rev. 43, 378 (1933).

The quantum theory?-3 for the collision of
elastic spheres at velocities corresponding to
ordinary thermal agitation gives a marked
preference for small angle scattering, in many
respects similar to that of the classical theory
of the scattering of elastic spheres, plus an
attractive field of force. (See Fig. 1.) However,
in the quantum theory, the total scattering even
down to the smallest angles still remains finite.
This is also true if we add an attractive field of
force to the quantum theory of elastic spheres
provided the interaction energy V(r) vanishes
at infinity faster than »=3. Furthermore, since
the large angle scattering is practically the
same on both theories the extra scattering comes
almost entirely from the small angle region.
Small angles are defined as those for which
0<Lr/ko1y where k=2wuv/h; u being the re-
duced mass and v the relative velocity of the
colliding molecules. Another result is that the
total scattering on the basis of the quantum
theory of elastic spheres is about twice the

2 Mizushima, Phys. Zeits. 32, 798 (1931).
3 Massey and Mohr, Proc. Roy. Soc. A141, 434 (1933).
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Fi1cG. 1. Curve 1 is a modified form of the curve given by
Massey and Mohr (Fig. 2), obtained by using a more exact
expression for I(6) which was worked out by Dr. Harvey
Hall. The expression is: I(8) = (x*/k?)[J1(x tan ) /x tan 62
where x=~Fko,s. I wish to thank Dr. Hall for permitting me
to use his results before publication. Curve 2 is I(8) sin 6
plotted on a different scale.

classical theory result for elastic spheres, pro-
vided ko2 is about 20 or greater. For very small
relative velocities, kois approaches zero and the
total scattering is then four times what it is on
the classical theory. The larger values of kois
thus give an effective collision radius of oes;,
=1.50¢15, which increases to oeis. =202 for the
smaller values of kos.

The object of the experiments which are to be
described was to obtain data on the scattering of
a narrow beam of potassium atoms in a variety
of gases. The gases chosen were : firstly, the more
available inert gases namely helium, neon and
argon ; and secondly, as examples of more com-
plex gases, hydrogen, nitrogen and carbon di-
oxide. These six gases give a considerable range
in mass and consequently considerable variation
in the value of the important quantity k. The
experiments were designed to investigate the
scattering down to about 4.5’ of arc, which is
well within the interesting angular region from
0 to w/kais. The theoretical scattering curves
presented in Fig. 1 show the kind of scattering
to be expected in this region from pure hard
sphere scattering.

A number of investigators have used the
molecular ray method to determine mean free
paths and collision radii.*? In none of these

4 Born, Phys. Zeits. 21, 578 (1920).

5 Bielz, Zeits. f. Physik 32, 81 (1925).

8 Knauer and Stern, Zeits. f. Physik 53, 766 (1929).

7 Ellett and Zabel, Phys. Rev. 37, 1112 (1931).

8 Knauer, Zeits. f. Physik 80, 80 (1933).

? Knauer, Naturwiss. 21, 366 (1933),

10 Zabel, Bull. Am. Phys. Soc. Vol. 8, No. 7, page 10.

11 Zabel, Phys. Rev. 44, 53 (1933).

12 Fraser and Broadway, Proc. Roy. Soc. A141, 626-641
(1933).
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Fi16. 2. Diagram of apparatus.

experiments were measurements made at angles
as small as those used in the experiments to be
described.

APPARATUS

The source of the beam was the oven O
(Fig. 2) which contained a small quantity of
potassium K. The potassium was cleaned under
petroleum ether by cutting off the hydroxide
coating and was then introduced into the oven
in a small nickel cup filled with the petroleum
ether. The oven was constructed of a single
piece of nickel which could be closed at the top,
after the introduction of the potassium, by means
of a close fitting cylinder of monel metal C.
The coefficient of expansion of nickel is less
than that of monel metal and therefore when
the oven was heated the two metals formed a

- very tight joint. The oven was mounted on three

pointed nickel pegs, fixed in a dove-tailed slide,
so that it could be removed from the apparatus
after being lined up and then subsequently re-
placed without any difficulty. The sharply
pointed pegs also served to prevent the con-
duction of heat away from the oven. The oven
was heated by two 10 mil tungsten spirals W
which were contained in quartz tubes embedded
in the copper shield S#, which surrounded the
oven. One end of these heating filaments was
grounded. The temperature of the oven and
potassium beam was determined by a chromel-
alumel thermocouple 7'.C. located near the oven
slit S1. The temperature was kept constant by
two rheostats connected in parallel. Changes in
temperature amounting to 0.1°C were easily
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observed and the oven was usually kept constant
within these limits. The height of the oven slit
was limited to 2 mm by a hole drilled in the body
of the oven. The width of the oven slit was
limited to 0.01 mm by two nickel slit jaws which
were screwed on the face of the oven. The beam
was then defined by a collimating slit .S; which
was also limited to 2 mm in height. These slit
jaws ran in a dove-tailed slide, were made of
phosphor bronze and were set to a width of
0.013 mm. The beam could be screened by the
magnetically operated shutter (St). The collimat-
ing slit holder was kept cool by a large water
jacket on the outside of the tube.

The potassium beam formed by this slit
system was detected® by the tungsten line
filament (F) of diameter 0.01 mm, which could
be rotated by means of the ground joint (G)
about an axis passing through the collimating
slit in the direction of its length. The filament
was mounted on a rigid nickel frame, the two
halves of which were insulated by the glass bead
(B). A two mil tungsten spiral served to keep

the 0.01 mm filament taut. This detecting

filament rotated inside the semi-cylindrical sheet
nickel plate (P) which was cooled by carbon
dioxide snow contained in the trap. (7). The
potassium positive ion current was measured by
an FP-54 vacuum tube electrometer (sensitivity
3X107* amp./mm). A potential of 45 volts

applied between the filament and plate was more’

than sufficient to give saturation. The position
of the filament with respect to the beam was then
determined by a glass micrometer stage mounted
on the ground joint G and a microscope focussed
on this scale. This 0.01 mm filament subtended
an angle of about 3’ at the collimating slit.
After the oven had reached equilibrium the pro-
cedure adopted was to investigate the ‘“‘vacuum
beam’’; that is the beam obtained when the
McLeod gauge registered ‘‘flat” for both the
oven and detecting chambers. A typical ‘“‘vacuum
curve”’ is shown in Fig. 3 where intensity is
plotted against scale-divisions. (1 scale division
=2.17".) Before running through a curve the
residual positive-ion current, due to the filament
itself, was measured by cutting off the beam
with the shutter. This residual current was then
subtracted from the observed beam intensity.
18 Taylor, Zeits. f. Physik 57, 242 (1929).
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It never amounted to more than a few milli-
meters deflection. The absence of any consider-
able tails close to the ‘“‘vacuum beam’’ indicates
that the residual pressure was negligible as far
as this experiment is concerned. The small tails
close to the beam itself are due chiefly to the
finite width of the detecting filament. The
“vacuum beam’’ background further out is due
to K atoms scattered from various parts of the
apparatus. ’

The scattering gas was stored in a 5 liter
bulb as a reservoir and admitted to the detecting
chamber through a stopcock plugged with plaster
of paris. The pressure of gas in the detecting
chamber was then wvaried by changing the
pressure of gas in the reservoir and was main-
tained at a given pressure by the diffusion
pump. The pressure of the scattering gas was
measured by a carefully calibrated McLeod
gauge connected at a point such that a con-
siderable pressure gradient could not occur.
Under the above conditions the pressure in the
oven chamber was always 10~ mm or lower.
The intensity distribution in the scattered beam
was then obtained by moving the detector on its
ground joint. Typical experimental curves for

- the different gases are given in Figs. 3-8. In each

case the upper curve represents the ‘“‘vacuum’
beam, the lower the ‘‘gas’’ beam.

At low pressures it becomes difficult to distin-
guish between residual gases and vapors and
the scattering gas. It therefore became advisable
in the interest of accuracy to work with relatively
high pressures (10~ mm to 5X10~¢ mm). The
dimensions of the beam were made small so as
to reduce the possibility of multiple collisions,
the distance from collimating slit to detector
being 1.3 cm.

REsuLTS

A total of 30 sets of runs were made on the
various gases yielding scattering curves of which
those shown in Figs. 3-8 are typical. A con-
venient and instructive way of expressing results
of scattering experiments is by means of an
effective collision radius. This gives a measure
of the total scattering per atom under the defined
conditions. The relation

I=TIe 0 )
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defines an effective mean free path \. Here d is
the distance from the collimating slit to the
detector expressed in cm, [ is the integrated in-
tensity of the vacuum beam within certain
angular limits (in arbitrary units), and I the
integrated intensity of the scattered beam within
the same angular limits. We will thus obtain
values for X depending on the angular limits we
choose in the calculation of I and I, or in other
words depending on what deviation we define as
constituting a collision. We will consider two
extreme cases.

Case I

We take I to be the peak reading of the ‘‘gas
curve.” The corresponding value of I, is the
peak reading of the ‘‘vacuum curve.” Using
the ratio I /I, and Eq. (1) one can then compute
an effective mean free path.

Case II

We take I to be the integrated intensity under
the ‘‘gas curve” out to 10.5 detector wire-
widths (0.105 mm) from the peak; and then get
the corresponding value of I, from the in-
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tegrated intensity under the ‘‘vacuum curve.”
We then compute another \ corresponding to
these larger angular deviations.

The N's obtained in this way are shown in
sections I and II of Table I; together with the
product (pN), p being the pressure of the scatter-
ing gas expressed in mm of mercury. If multiple
collisions are infrequent this product should be
constant for any one gas. It is evident that this
is very nearly the case. The deviations from
constancy are not greater than the errors in the
pressure measurements.

From these \’s we obtain the effective collision
cross sections or collision radii. The mean free
paths obtained in experiments of this type are

2 (szk)2f
W%V)\ Tkmx 0

where v is the number of molecules per cc of the
scattering gas, T%, T,, mk, m,, are the tempera-
tures and masses -of the potassium and the
scattering gases, and

o1t =

Y(x) =xe~= + (25> +1) f ev'dy.
0

The integral in the above expression was
evaluated by the method of quadratures by using
Tait’s tables for values of x from 0.1 to 3.0.
For the heavier gases it became necessary to
extend his tables to x=35.0 before the integral
became sufficiently convergent.

The effective collision radii computed in this
way are given in sections I and II of Table I.
If the detecting wire and beam had been in-
finitesimally thin, the o2 values obtained from
the peak readings would have represented the
total effective collision radius. In any actual
experiment, however, both beam and detector
must have a finite width and the ¢, values in
section I therefore represent minimum values;
because some of the atoms which are scattered
through small angles can still reach the detector
due to its finite angular width. The difference
between the o12’s listed in sections I and II is
due to the fact that the angular width in case 11
is 21 times as great as in case L. In order to de-
termine the angular limits for cases I and II we
must remember that the beam is being scattered

POTASSIUM IONS

(e

xezz(l—szk/ 1 gmz)

IN GASES T
obviously analogous to Tait’s mean free path,
except that the colliding atoms have different
masses, and that the potassium beam and
scattering gases are at different temperatures.
Account must also be taken of the fact that the
detecting wire measures a quantity which is pro-
portional to the number of potassium atoms
received per sq. cm per sec., instead of the
number present in unit volume. The distribution
to be used for the K atoms is therefore not the
ordinary Maxwellian distribution of velocities,
but:

Aeme* 2T g3, (2)

We then obtain't

xle—"
—dx,

¥(x)

©)

along its entire length and therefore the de-
tecting wire subtends different angles at diftferent
scattering points. However, if we weight all
parts of the length of the beam equally we can
compute an average angle of scattering. For
case I this average angle is about 4.5’ and for
case II it is about 1.5°.

Since the only theory of atomic scattering
which has been worked out in any detail is the
“hard sphere theory,” we shall proceed to discuss
the experimental data in the light of that theory.
As previously stated, an important quantity in
the theory is kei2. The & used was obtained by
averaging over the distributions of relative ve-
locities of the colliding particles. The radii of
the scattering gases were computed from Chap-
man’s viscosity formula® derived from an elastic
sphere model ; but since no viscosity or diffusion
measurements exist for potassium we are forced
to estimate the size of its radius from other con-
siderations. The packing radius of potassium in
the solid state is known to be about 2.3A.1
Hartree? finds that the radius at which the ¢
function for the series electron has its large
maximum is 2.01A and the radius at which |7y|2
has its maximum is 2.66A. This last value would
correspond on the old Bohr theory to the radius

14 Jeans, Dynamical Theory of Gases, 4th Ed., p. 255.

16 Chapman, Phil. Trans. Roy. Soc. Ser. A216, 279 (1915).

16 Neuberger, Zeits. f. Kryst. 80, 103 (1931).
7 Hartree, Proc. Roy. Soc. A141, 282 (1933).
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TABLE 1. Mean free paths and effective collision radii.

I II 11 v % VI
CASE 1 CASE II Effect
. Aver. Aver. |c12=0g quantum
Gas A )\P o112 (57 A )\P 012 ag12 +0g Tg12 ka’12 /]
152 5.88 7.08 264 102 5.36
212 5.43 7.37 18  10.6 5.27
240 543 7.36 329 843  5.01
H, 38 5.5 7.16 720 | 9290 864 584 567 50 7.4 20 8.5°
423 592 7.06 922 932 562
542 548 7.34 810 1222 193
640 5.5 7.03 458 643 6.8
204  8.52 6.98 421 176 4.86
224 842 054 384 145 5.22
246 8.56 6.76 .
He 246 83 676 691 496 | 4.7 6.9 27 6.8
580 825 6.92 122 171 481
592 7.0 7.16
285 855 8.80 670 173 6.19
260 807  9.06 722 216 5.53
Ne 310 884 866 874 | 804 2200 537 598 | 48 6.9 56 3.2°
333 860 878 561 169 6.28
12.1 9.43 8.38 200  15.6 6.52
168 45t 12 s 138 7.19
174 456 125 51 145 7.04 .
Ne 370 458 125 126 | 125 124 760 730} S5 78 2 2.5
145 441 127 106 132 7.36
3.1:; 590  11.3 5.(7J7 9.55  8.92
2.9 528 120 178 856 9.4l .
A 528 603 110 13 | 996 118 gor 878 | 54 7.1 & 2.3
607 668 107
1.59 408 137 337 866  9.44
164 425 135 311 806  9.80 .
CO: 380 437 133 133 1 74 852 o953 203 | 59 8.4 89 2.0
425 480 127 723 816 973

In the above table N values are given in cm, o2 values in A units, and the Ap values should be multiplied by 10~

when p is in mm of mercury.

of the orbit of the series electron. The quantity
|7¢|? drops to one-third of its maximum value
at a distance of about 3.5A. If we make the very
plausible assumption that the collision of a
potassium and a helium atom is most like a
hard sphere collision because of the symmetry
and small polarizability of the helium atom, we
can obtain an upper limit for the potassium
radius from our data on helium. In case I most
of the “extra classical’” forward scattering is
included in the integrated I. (See Fig. 1.) The
correction to be made for classical hard sphere
scattering at small angles is less than 1 percent.
The 12 value for He and K as given in section I1I
of Table I is about 5A and it should be approxi-
mately equal to the kinetic theory value for ¢2.
If we take the kinetic theory radius of helium
to be 1.1A this would give us 3.9A for the

potassium radius. This value of 3.9A is probably
too high. In all future discussions we shall use
the value 3.6A which represents a mean between
the values 3.9 and 2.66. It is then possible to
compute the kinetic theory values for a;5. They
are given in section III of Table I. The computed
values of ko1s are shown in section V.

A comparison of the o2 values presented in
sections I and III shows that the a;5 values com-
puted from the small angle scattering (case I)
are much larger than the classical kinetic theory

‘values ; but when we compute these values from

the large angle scattering (case II) they approach
the classical kinetic theory values more closely,
especially in the case of Hy and He. This diminu-
tion in the “‘effective collision radius’’ would be
quite large even if we did not go out to angles as
large as 1.5°; and it indicates the predominance
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of small angle scattering. Multiplying the clas-
sical kinetic theory radii by the appropriate
factor? (approximately 1.5) gives the ‘‘effective
quantum collision radii.”” They are presented in
section IV of Table I. A comparison of sections I
and IV then shows that in the case of Hs and He
the quantum theory values agree with the experi-
mental small angle ;2 values within the limit of
experimental error.

AcCCURACY

The accuracy of the ¢15® values depends on
the reliability of the N's and the pressure meas-
urements. The average error of the pressure
measurements amounted to about 2.6 percent;
but it should be mentioned that the o? values
obtained from the long mean free paths are not
as reliable as the others since their accuracy
depends on the accurate determination of small
pressures. It is also evident that the o2 values
computed from case II show more dispersion
than the values obtained from case I. This
dispersion arises because the integrated inten-
sities I and I, depend on readings along the
steep part of the curve, where the intensity
varies rapidly over the distance of a wire-width.

In case I the detecting wire covers only a
portion of the beam, approximately equal to the
width of the central part, which in a ‘“‘vacuum
beam’’ contains 2/3 of the total beam intensity.
It is therefore desirable to find out what the
probability is of having atoms from the rest of
the beam scattered into this region and being
counted as undeviated atoms. It can easily be
seen that this probability is small on the hard
sphere model. The quantum theory? shows that,
for the values of ko2 under consideration, the
‘“extra scattering” (beyond the amount pre-
dicted by classical theory) occurs almost entirely
in the region =0 to 6=x/ko1s and is about
equal in amount to the total classical scattering,
namely that resulting from an effective collision
cross section weay92. The values of 0= 7/ko;s are
tabulated in section VI of Table I. This extra
scattering has a form such that the fraction
scattered within an angle 6; is given quite

closely by : .
6k%019% 10,2 koira 0:°
(__———._) ' (4)

T2
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The filament and beam used were narrow enough
that about 95 percent of the atoms scattered in
this extra classical region were scattered through
angles sufficiently large to miss the detecting
wire entirely. This still holds true when account
is taken of the circumstance that the angle 6
defines the change in direction of the relative
velocity and not the actual change in direction
of the K atoms. It is easily shown that for small
values of 6, such as occur in this experiment, an
angular change 8 gives rise to an angular devia-
tion ¢ of the K atoms expressed by: ¢=0k/2k’
where k' =2mm;;/h. This results in an effective
contraction of the critical region where the extra
quantum scattering takes place; but the wire-
width chosen is narrow enough so that 95 percent
of the extra scattering is beyond the filament.
Of the total scattering on the hard sphere model
only 2.5 percent can reach the wire when it is at
the central position. This results in a possible
1.6 percent error in calculating the oys. This is
less than the errors due to other causes. No such
discussion can be given for the case where the
hard sphere model does not seem to fit the data
(COy, Ng, A, etc.). The values of the ;5 in this
case are to be regarded as minimum values or
as a graphic means of expressing the experi-
mental results.

CONCLUSIONS

The experimental results, as is evident from a
comparison between cases I and II, show that
there is in all gases in question a very striking
predominance of small angle scattering. This is
better shown by a comparison of the o19®’s
rather than the o12’s. In the past this effect
would have been interpreted as due to attractive
forces. However, since the diffraction effects of
molecules have been well verified experimentally,
this strong forward scattering must be ascribed
in part at least to such effects. The agreement of
the .02 values for He and H, with the hard
sphere theory is then something rather to be
expected. This agreement is not forced by the
choice of the radius for the K atom since we
have obtained an experimental upper limit to
this quantity. A fair agreement would remain if

" we made any reasonable assumption. It is then a

rather striking fact that this agreement is not
maintained for the other gases, not even for
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neon and argon. The excess in the 12 values for
these cases must be ascribed to an interatomic
interaction of considerable range.

Although the o2 values presented are really
lower limits for this quantity, in view of the
finite total scattering predicted by the quantum
theory it is rather likely that they are quite
close to the real values.
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