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percent activity increase

_ final activity ~initial activity %100
- initial activity ’

(2)

Two isotopes that are convenient for this demonstration,
owing to their availability and relatively long half-lives,
are 137Cs (145 = 30 yr, Ey= 0.66 MeV, E; =052, 1.2
MeV) and 3Ba (r,,, = 7.2 yr, average F, = 0.34 MeV).
These isotopes give about 50% and 140% activity in-
creases, respectively. Any y or S—y emitter with y energy
between 0.1 and 1.0 MeV will show the effect.

The activity increase decreases with increasing vy-ray
energy. After numerous correction factors were applied,
the major one of which was the end-window factor for
soft electrons, a relationship was obtained between scat-
tered y-ray energy and the activity increase. The details
are beyond the scope of this note, but may be published
elsewhere.

'H. Bradt et a/., Helv. Phys. Acta 19, 77 (1946).
2C. M. Davisson and R. D. Evans, Rev. Mod. Phys. 24, 85 (1952).

On the statistical aspect of electron interference phenomena

P. G. Merli
CNR-LAMEL, Bologna, Italy

G. F. Missiroli and G. Pozzi

CNR-GNSM, Istituto di Fisica, Laboratorio Microscopia Elettronica, Bologna, Italy

(Received 29 May 1974; revised 17 October 1974)

In a recent paper,' hereafter called I, two of the present
authors have described how to perform—for instructional
purposes—an experiment on electron interference by
using a standard electron microscope.

In this short note we wish to show in a very impressive
way that the complete interference pattern we registered
on the photographic plate is really the sum of many
independent events, each due to the interaction between a
single electron and the interference apparatus. This was
deduced in 1 with a simple and realistic calculation based
on the main assumption that electrons were emitted at a
constant rate from the gun filament. In the present case
this result is shown not from a calculation but from direct
observation. In fact, the experiment performed in I has
been repeated on a Siemens Elmiskop 101 equipped with
a TV image intensifier.>?

With regard to the formerly described setup, the
Mbllenstedt and Ditker electron biprism* has been now
inserted at the level of the selector aperture plane. The
objective lens acts in this case as third condenser lens,
thus increasing the coherence and versatility of the
illuminating system, whereas the fringes are magnified on
the final screen by means of the two projector lenses (cf.
Fig. 4 in I). If the coherence condition is satisfied, it is
possible to register on a photographic plate an
intereference fringe pattern with spacing above 300 um as
shown in Fig. 1(f). The exposure time of the
photographic plate lies in a range between 10 and 100
sec. By the same electron optical conditions, however,
the TV image intensifier allows the observation of the
interference pattern directly on the monitor by means of
the electrons stored in the SEC target of the TV tube®? in
a time of about 0.1 sec.

Figure 1(f), together with Figs. 1(a)-1(e), was filmed
directly from the TV monitor. We note that the image on
the screen was clearly visible, as in normal TV

306 Am. J. Phys. Vol. 44, No. 3, March 1976

transmission, and that by varying the biprism potential we
could follow, without difficulty, all the diffraction and
interference phenomena described in [,

However, the most interesting performance that such a
device offers is connected to the direct observation of the
statistical process of fringe formation. It can easily be
seen that, at low current density, the image is built up
from the statistically distributed light flashes of individual
electrons, as is shown in the sequence of Figs. 1(a)-(f)
registered at different current densities on the final screen.

The same result can be reached in another way that
didactically is more illuminating in concept. In fact, we

a b
¢ d
e f

Fig. 1. (a—f) Electron interference fringe patterns filmed from a TV
monitor at increasing current densities.
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can operate with a very low electron current density
which corresponds, on the average, to one or a few
electrons arriving on the final screen in 0.04 sec [see Fig.
l(a)]. This is the lowest storage time available with the
TV tube. While the electron optical conditions are kept
constant, the storage time, which plays the same role as
the exposure time of the photographic plate, can be
increased step-by-step up to values of minutes. It can be
verified that the image is gradually ‘‘filled’’ by the
electrons until the shot noise vanishes completely.

We believe these results will be of great help to

students by demonstrating to them, in an experimental
form, the wave behavior of electrons and their statistical
interpretation. Moreover, the whole apparatus is
particularly valuable for student demonstrations in that the
image can be directly seen by a large number of viewers
and can possibly be recorded on video tape.
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THIRD NATIONAL CONFERENCE ON PERSONALIZED

INSTRUCTION

The third national conference on personalized instruction will be held at the Mayflower
Hotel in Washington, DC, 6-8 May 1976. The conference theme is “Accent on Materials.”
Papers will deal with this theme as well as with research on particular components of
PSI, PSI in novel environments, and cost analysis and other administrative considerations.
Miniworkshops will be held on introduction to PSI and adapting PSI to writing assign-
ments. Participants may attend a PSI clinic to discuss their particular problems in
discussion with colleagues and a panel of experts. For more information write to the
Conference Coordinator, Center for Personalized Instruction, Georgetown University,

Washington, DC 20057
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Complement A

ORDER OF MAGNITUDE OF THE WAVELENGTHS
ASSOCIATED WITH MATERIAL PARTICLES

De Broglie's relation

A= h (1)
P
shows that, for a particle of mass m and speed », the smaller m and », the longer
the corresponding wavelength.

To show that the wave properties of matter are impossible to detect in the
macroscopic domain, take as an example a dust particle, of diameter |y and
mass m =~ 107" kg, Even for such a small mass and a speed of v ~ I mm/s,
formula (1) gives:

- 34
A~ 66 x 10 S meter = 6.6 x 107 16 meter = 6.6 x 1074 ()

1071 % 10~
Such a wavelength is completely negligible on the scale of the dust particle.
Consider, on the other hand, a thermal neutron, that is, a neutron
(m, ~ 1,67 x 10727 kg) with a speed v corresponding to the average thermal
energy at the (absolute) temperature T v is given by the relation:

kT ()

where & is the Boltzmann constant (A =~ 1.38 x 10723 joule/degree). The wave-
length which corresponds to such a speed 1s:

A e — e s 4)

For T ~ 300 °K, we find :
A~14A (5)

that is, a wavelength which is of the order of the distance between atoms in a
crystal lattice. A beam of thermal neutrons falling on a crystal therefore gives
ris¢ to diffraction phenomena analogous to those observed with X-rays.

Let us now examine the order of magnitude of the de Broglie wavelengths
associated with electrons (m, =~ 0.9 x 1073 kg). If one accelerates an electron
beam through a potential difference V (expressed in volts), one gives the electrons
a kinetic energy :

E=gV=16x 10"V joule (6}
2
(g = 1.6 x 107" coulomb is the electron charge.) Since E = —j%f the associated

4

wavelength is equal to :



P omE
that 1s, numerically
-~ 34
A= 6.6 x 10 meter
V2 %09 x 1073 x 1.6 x 107'°
12.3
VYV

With potential differences of several hundreds of volts, one again obtains wave-
lengths comparable to those of X-rays, and electron diffraction phenomena can he
observed with crystals or crystalline powders. .

The large accelerators which are currently available are able to impart
considerable energy to particles. This takes us out of the non-relativistic
domain to which we have thus far confined ourselves. For example, electron
beams are easily obtained for which the energy exceeds 1 GeV* = 10° eV
(I eV =1 electron-volt = 1.6 x 107! joule), while the electron rest mass is
equal to m,c? ~ 0.5 x 10° eV. This means that the corresponding speed is very
close to the speed of light ¢. Consequently, the non-relativistic quantum mechanics
which we are studying here does not apply. However, the relations:

E = hy (9-a)
PR | (9-b)
P

remain valid in the relativistic domain. On the other hand, relation (7) must be
modified since, relativistically, the energy E of a particle of rest mass mg is
no longer p?/2m,, but instead :

P /p_2:5+m§¢4 0)

In the example considered above (an electron of energy 1 GeV), m,? is
negligible compared to £, and we obtain:
X —~ 34 '3 8

pahe 86X W0TF X 30T o 0- 1 m = 2 fermi (1)

E 1.6 x 10 10

(1 fermi = 107'* m), With electrons accelerated in this way, one can explore
the structure of atomic nuclei and, in particular, the structure of the proton;
nuclear dimensions are of the order of 4 fermi.

COMMENTS |

{(f)  We want to point out a common error in the calculation of the wave-
length of a material particle of mass m, ¢ 0, whose energy £ is known.
This error consists of calculating the frequency v using (9-a) and, then,
by analogy with electromagnetic waves, of taking c¢/v for the de Broglie



wavelength, Obviously, the correct reasoning consists of calculating, for
example from (10} ( or, in the non-relativistic domain, from the

-

&

relation £ = %-J——) the momentum p associated with the energy E and then
i

using (9-b) to find A.
According to (9-a), the frequency v depends on the origin chosen for the
energies. The same is true for the phase velocity Ve =7 = vi. Note,

on the other hand, that the group velocity Vg =%% = ng—z does not

depend on the choice of the cnergy origin. This is important in the
physical interpretation of F5.





