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In the interest of clarity, ouly lhe 0.125, 0.250,
0.500, and 0.750 normalized equipotentials (iso-
therms) are shown. Again, as in the previous
example, it is essential that sufficlent eleetrical
contacts be made on the outer conductor bound-
ary. The contact points are shown as black
circles in the diagram. The center of the cireular
silver conductor is located so that it coincides
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with one of the terminals below the Cenco
mapping board to facilitate use of the drawing
template.

Numerical computation work was performed
on an IBM 1620 computer at the University of
Wisconsin-Milwaukee Computer Center while
the author was on the staff of the Natlonal
Seience Foundation 1967 Summer Institute there.
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Demeonstration of the Ramsauer=Townsend Effect in a Xenon
Thyratron

SrepumN G. KukorLicH
Department of Physics, Massachuseils Institute of Technology, Combridge, Massachusells 02139
{Received 15 January 1968; revision received 15 April 1968)

The anomalously small scattering of electrons near 1 eV energy by noble gas atoms may be
easily demonstrated using a 221 xenon thyrairon. This experiment is suitable for a lecture
demonstration or for an undergraduate physics laboratory. The probability of seattering and
the seattering cross section may be obtained as a funetion of electron energy by measuring

the grid and plate enrrente in the tube.

The seattering cross geetion for electrons on
noble gas atoms exhibits a very small value at
electron energies near 1 eV, This cross section is
much smaller than that obtained from measure-
ments involving stom-atom collisions. This is
the Ramsauer-Townsend eflect and provides
an example of & phenomenon whieh requires a
quantum mechanical description of the inter-
action of particles. Tf the atoms are treated
classieally as hard spheres, the caleulated cross
section is independent of the incident electron
energy and we cannot account for the Ramsaner—
Townsend effect. If the noble-gas atoms are
considered to present an attractive potential
(e.g., square well, sereened Coulomb) of typical
atomic dimensions, the solution of the Schrédinger
equation for the electrons indicates that the eross
section will have a minimum al electron energies
near 1 eV, Reviews of the Ramsauer Townsend
eftfect are given by Mott and Massey! and Brode.?

1N, F. Moit and H, 8, W. Massey, The Theory of
Atomic Collisions (Oxford University Press, London, 1965),
3rd ed., Chap. 18,

z R. B. Brode, Rav. Mod. Phys. 6, 257 (1933).

The problem of seattering of electrons by a
square well is considered in many introductory
quantum physics texts*¥ The one-dimensional
model predicts that the scattering will go to zero
whenever half the electron wavelength in the well
is a multiple of the well width. The difficulty with
this model is that only one distinet minimum is
observed.

A glightly better model of the xenon atom is a
three dimensional square well. Then the scattering
cross seetion will have a very small value when
the phage shift 8, of the I=0 partial wave is .
Here the scattering due to the (=0 partial wave

will vanish and the scattering due to higher

partial waves will be small if the width of the

3L, 1. Schiff, Quantum Mechanics (MeGraw-Hill Book
Co., New York, 1855), Chap. 5.

41 E. Morzbacher, Quantum Mechonics {John Wiley &
Sons, Inc., New York, 1955), Chaps. 6, 12.

i D, Bohm, Quantum Theory (Prentice-Hall Ine,, Engle-
wood Cliffs, N.J., 16561), Chaps. 11.9, 21.51. .

8 A, Messiah, Quanium Mechanies I (North-Holland
Publ. Co., Amsterdam, 1961), Chaps. I1I-6.

7 R. M. Eisberg, Fundumenials of Modern Physics (John
Wiley & Sons, Tnc,, N.Y., 1961), Chap. 15.
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well is small.! When the /=0 phuse shift becomes
2w, or higher ! phase shifts become  at higher
values of electron energy, the dips in the eross
section will not be as prominent since contribu-
tions from other values of ! will not be small. The
well parameters may be adjusted to give a mini-
mum 2t the ohserved energy. This model predicts
the Ramsauer-Townsend effect in a qualitative
way, but does not give quantitative agreement
over a wide range of electron energies. The
results of more accurate calculations with a
screened coulomb potentisl are given by Mott
and Massey.!

I, THE EXPERIMENT

The 2D21 thyratron is very well suited for a
demonstration of the Ramsauer effect, The shield
{grid 2) iz a boxlike structure with three sections
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Fra, 2. Diagram of the circuit for the Ramsauer effect
experiment. The flament. of the 2D2L {pins 3, 4] is heated
by 4 Vde.
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F1a. 3. The plate eurrent I, as a function of the voltage V,
and I,* the plate current with the xenon frozen ont with
lignid nitrogen.

sonmected by apertures (see Fig. 1). The electron
beam originates at the cathode in the first section,
pagses through the second section, and part of it
is collected on the plate in the third section, The
xenon pressure in the tube is approximately 0.05
Torr. A diagram of the circuit is shown in Fig. 2.
The shield current is proportional to the intensity
of the electron beam at the first aperture. After
the first aperture the beam passes through an
equipotential region where the scattering takes
place. In this region the heam intensity is J=
Joe ™ where A is the mean free path. If the plate
is & distance I from the first aperturs, the in-
tensity at the plate s J,=Je ™ or J,=J(1 -y},

. where P, is the probsbility of scattering. The

plate current is I,=I,f(V}({1—P,), where I, is

(B

o8 -

<

a4

PROBABILITY OF SCATTERING F,

Q.2

0.0 1 . ! )
0 ] 2 3 4

ELEGTRON MOMENTUM (/VOLTS}

Fra. 4. The probebility of seattering P, as a function of
{V— V)2 where V— V¥, is the alesiron energy. Tonization
oeeurs at I,




DEMONSTRATION OF THE RAMBAUER EFFECT

the shield current and f(V) is a geometrieal factor
which contains the ratio of the angle intercepted
by the plate to the angle intercepted by the shield
and a factor due to space charge effects near the
cathode. To measure f{V) we freeze out the xenon
by dunking the top of the tube in liquid nitrogen.
This reduces the xenon pressure to ~10-% Torr
and P, becomes very small so we get f(V)=
I*/I* Now we have P,=1—F[*/I.1.* Figure
3 shows that [, has a maximum near 1 ¢V and
that I,/1,* approaches one there, indicating that
there is very little scattering. At higher energies
I,/1.* is very small indicating a large probability
of scattering. A plot of P, caleulated from the
data using the above equation is shown in Fig, 4.

The probability of scattering is related to the
mean free path by the relation P,=1—e¢* For
the 2D21 I=0.7 em so we can caloulale h. The

eross section o i related to A by ne =1/, where n

is the number of atoms per unit volume. A plot
obtained from our values of P, & shown in Fig. 5,
A similar set of data for P, (P,=P/), where P is
the pressure in Torr) given by Brode’ is shown
in Fig. 6. In the 2D21 fairly large angular deflec-
tions must be produced to scatter an electron cut
of the beam (greater than ~0.2 rad} so the cross
section measured in the 2D21 will be smaller than
Brode's data.

II. EXPERIMENTAL DETAILS

The filament of the 2D21 is operated on 4 V de.
This is lower than the recommended value of

] w Rl w
T T T 3

— s O 0O

RECIPROCAL MEAN FREE PATH 1/} lem}™!
T

0 1 I I ]
[¢) 1 2 3 4

ELEGTRON MOMENTUM { /VETTS)

Fra. 5. The cross section times density ne=1/ as a
funetion of (V' —7V,)14, where V=V, is the electron energy.
Jonization ocours at “I”.
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Frg, 6. The probability of coliision P, {=pressure times xr)
as a funchion of (V)2 where V i the electron energy
(frore Brode see Ref, 2}.

6.3 V, but tends to reduce space charge effects.
Sinee the cathode temperature is lower, the
thermal kinetic energy of the electrons is smaller
and this will result in & narrower distribution of
electron energies. The shisld and plate currents
arve obtained by measuring the voltages V., and
Ve with two Keithley model 600A electrometers
(see Fig. 2). The voltage source V is a well
regulated and filtered supply which may be
varied between 0-15 V. The electron energy
plotted in the figures is V—V.. We have not
included a correction for the contact potential
diffevence between “the cathode and the shield.
This contact potential difference is approximately
0.4 V and was measured by noting that ionization
oceurs when ¥V —V, s 0.4 V less than the tabulated
iomization potential, A similar value was obtained
by measuring the value of V required to cut off
the electron eurrent o the shield. The voltages
V., and V, range from a few millivolts to a few
tenths of a volt. The data may be displayed on an
oscillosecope by using an audio eoscillator for the
source V and for the x axis of the ’scope.
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