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PHYSICS AND COMPUTING

The value of computers in undergraduate physics teaching

D R Tilley

Ours is a well-established subject at degree
level, and there is probably general agree-
ment about the content and presentation of
much that the student will meet. Courses on
quantum mechanics, electromagnetism or
solid state physics, for example, are likely to
vary only marginally from one institution to
another. By contrast, | believe there is still
considerable uncertainty about how to

make use of computers, and what to teach
about them in the course of a physics
degree. Mainframe computers, and more
re’éétly icroprocessors, are familiar
research t@®ls, but even ten years ago the
shortage of mainframe time for students
greatly restricted their possible use'in teach-
ing. We are no longer trapped in this main-
frame bottleneck, and accordingly most

Example 1

A great deal of physics depends ulti-
mately on random walks of various
kinds. In this example, students start
with a working program in Basic which
simulates a random walk and presents
the results numerically. They extend the
program so that samples of varying sizes
can be studied undergoing a random
walk with a fixed number of steps, The
results are presented graphically and
compared with the binomial distribution
as in figure 1. In an extension, two-
dimensional random walks are simu-
lated, and students investigate the rela-
tionship between the overall distance
travelled and the number of steps.

i

6 12 8 -4 O & B 12 16

Figure 1 Final distances (bars) from the
origin of a sample of 500 random walks
each of 20 staps. Open rectangles show
the binomial distribution; inset shows
random walker

Example 2

Figure 5 shows experimental data for
inelastic light scattering in the magnetic
crystal FeF,. A simple-minded theory of
the line shape predicts a symmetric

- 4,00 I
-t
&
|—200
-0 Frequency (cm™1)
4o 50 60
' 'l [ 1 L

Figure 5 One-magnon Raman spectrum
of FeF, at 36 K (dots), and theoretical
curve of Smith et a/ (1983)

‘lorentzian’ line of the form
S(A=S/[(f-fo)*+I"] (8)

where S is the intensity and f the fre-
quency. fq is the frequency of maximum
intensity, and I is related to the
linewidth. However, the data of figure 5
are quite noticeably skewed to the right,
and it is intuitively clear that in some
sanse the lorentzian curve does not fit
the data, whereas an approximate
skewed function (derived by Smith et a/
1983) does. To put this intuitive view on
a sound statistical basis is a worthwhile
challenge for an able student. Broadly
speaking, it has to be proved that the
best-fit lorentzian has too large a x?
whereas the best-fit skew function has a
small x* The statistical basis, and hence
the fitting procedures, need care since
the data are photon counts, with a Pois-
son distribution, whereas a simple
least-squares fit is justified only if the
data obey normal statistics. Thus a pro-
ject based on this example demands
careful statistical and mathematical
analysis, as well as competence in the
use of subroutines for optimisation and
graphics.

0031-8112/85/110456 +03 $02.25 ©) 1985 The Institute of Physics

university and polytechnic departments
have been increasing the computer-based
content of physics degrees. Firstly, many
students come to us with obvious
enthusiasm for computers, and there is a
desire to foster this enthusiasm and channel
it partly towards learning physics; secondly,
it is clear that the graduating physicist
should have some competence in computer
techniques.

One development that is not apparently
occurring to any great extent in the UK is
the replacement of conventional teaching
by computer-assisted learning. This may
simply reflect the relatively small size of
departments and institutions, since the
software development cost of an extensive
CAL package such as has been produced for
mechanics (Bork 1981) can only be just-
ified for very large classes. Such classes,
typically dominated by pre-medical and
pre-engineering students, are common in
the USA, but rare here. It is not my pur-
pose, however, to go into the pros, cons and
costs of CAL.

Computer-related content

Where a physics degree is being taught
in a fairly conventional way, possible
computer-orientated content may be
crudely divided into four main argas. In
commenting on these, I shall draw on our
own experience at Essex, since it is probably
fairly typical of elsewhere.

The first area, and the easiest to dispose
of, is computer languages. Most physics
departments probably either assume their
students know BASIC or let them pick it up,
while a higher-level language is often taught
more formally. There is no doubt that FOR-
TRAN is the majority choice — it has the same
merits and demerits among computer lan-
guages that the VW Beetle has among cars—
but it is unsuitable for various non-
numerical applications. A good comparison
of various languages has been given by
Hamann (1983). '

A more difficult matter is to employ
effectively the enthusiasm for computing in
reinforcing physics teaching. In the preface
to his Quantum Mechanics, written nearly
60 years ago, Dirac says, in effect, that phys-
ics is abstract and is becoming more so. This
trend has duly reached undergraduate phys-
ics, so that students meet far more
mathematical and abstract material than
they would have done even 30 years ago.
The impact is strong in the second year,
where long courses on topics like quantum

mechanics and electromagnetism appear.
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Fortunately many of the formulae are suit-
able for numerical or graphical investiga-
tion, and for many students this can be very
helpful. It has to be decided whether to
provide a prewritten package into which
numbers are fed, or whether the student
should write at least part of the program.
Our view is that impenetrable packages are
rather boring, and the students will learn
more if they do some programming. There
is also the logistic question of how to time-
table this kind of activity; we decided to
treat computer ‘experiments’ as part of the
second-year laboratory. Example 1 shows
one type of computer-reinforcement of
physics courses.

A third area is teaching the techniques of
mathematical modelling and data analysis,
and here challenging questions of aims, con-
tent and presentation arise. The uses a pro-
fessional physicist makes of computers are
varied, and many experienced physicists
have developed considerable knowledge of
numerical techniques. Although the older

generation has acquired its knowledge
informally, what is needed can naturally be
defined and taught. Many physical systems
are described, more or less accurately, by
some kind of mathematical model. Analys-
ing the predictions of a model often involves
a mixture of analytical, approximate and
numerical work, and qualitative judgments
have to be made about the results. Nowa-
days the numerical processes commonly
required are available in subroutine lib-
raries, such as NAG.

After some initial uncertainty, I was per-
suaded by a friendly numerical analyst that
it is not productive to try to turn physicists
into amateur mathematicians; we should
aim to ensure that they are discerning
customers for the mathematical software
available to them. For example, dbme
knowledge of the ideas of ill-coi%itioning of
matrices and stiffness of sets of differential
equations is very useful. One way in which

ill-conditioning can get into numerical work .

is through bad scaling, and a common pre-

liminary step is to define suitable reduced
variables. Thus the elementary problem of
charging or discharging a capacitor is best
worked in terms of the RC time.

Example 3 is less elementary; here the
variables are scaled in terms of steady state
values. The transition from equations
(1)(3) to equations (5)7) is more or less
essential. The use of ‘real-scale’ numbers,
e.g. 102 m™ for n, and n,, in equations
(1)~(3) would almost certainly lead to over-
flow, whereas equations (5)—(7) are free
from this complication. Example 3 also
exhibits, I hope, a number of other instruc-
tive features. The analysis of the steady
state solutions is entirely analytical, and
knowledge: of these analytical solutions is
mobt valuable in studying the results of
numerical work. Thus figure 4 shows, in
fact, a switch from a metastable to a stable
steady state solution.

The aspect of data analysis that involves
the fitting of theoretical models to experi-
mental results is easily accommodated in a

Example 3
The following represents a suitable set of
rate equations for a two-level laser:

dn,/dt=-n ,ﬂ|+An;+Blng—n;}W (1)
dn y/dt =r,—An,—Bin,—n )W (2)
dwW/de =hfF{fifAn . +B{n,—n,)W1-W/t,. (3)

Here, n,, n, are the numbers of atoms in the
lower and upper lasing levels and W is the
electromagnaetic energy per unit volume per
unit frequency range. The terms in (1) and
{2) are explained in figure 2. A and B are the
coefficients of spontaneous and stimulated
emission, satisfying the Einstein relation
A /B =4hr%c3 hf is the photon energy, F(f) is
a lineshape function, and t, is the decay time
of the cavity, due primarily to the partially
transmitting mirrors. A’ is not necessarily
equal to A, because An, describes all transi-
tions, while A'n; refers only to transitions
involving the emission of a quantum into
the lasing mode. Typically, A'/A=0.156x107".
The steady state equations, with the time
derivatives zero, can be solved analytically.

Figure 2 Laser model

For this purpose, the term in A’ can be neg-
lected. The solutions are represented in fig-
ure 3 as graphs of n,, ny and W versus r,,
with other parameters kept constant, The
system undergoes a phase transition from
nonlasing (W =0) to lasing (W =0) action at
ry=r., where

re=AENBLY -At,)

which shows that laser action requires
At,<1.

As a preliminary to numerical solution of
the time-dependent equations it i= essential
to define dimensionless variables. The equ-
ations contain three time constants, A7 ¢,
and t,, and there is therefore latitude in the
choice that is made. With r=At, we see that
7,=At, and 7,=At, will enter the equations
as paramaeters. It is natural to scale ry as
p=rifr., and n;and n; in terms of ny=r /A4,
that is v;=n,/n,, v2=n4n,. Finally, we define
w=BW/A. In terms of these, equations
(13) become

duv/dr=—w/r +vs+elv,—v))

(4)

(5)

..W W 2
e ﬁ ik p

dvfdr=p—v;—wlrs— 1)) (6)
def/dr=[a{vs—v,) +A 'velAY 71 — 7)) —f7o. (7)

Typical values of the time-constant ratios
are t,=0.5, 7,=10.

The equations (5)-(7) are now in a suit-
able form for numerical work and can be
programmed using library subroutines.
Many ‘numerical experiments’ can be car-
ried out; here there is room for just one
example, shown in figure 4. r is increased
from zero to 1.5r, for which in the steady
state »,=0.75, 1,=1.25 and w=0.5. v, and v,
_within a time of order 4 ", Laser action,

however, depends on the build-up of power
w through the nonlinear stimulated emis-
sion term. From aquation (7) the solution
with @=0 is near-metastable, since the
switch from this to the lasing solution
depends on the small ratio A'/A. This is why

Figure 3 Steady-state solutions of the laser model. The graph uses the reduced vari-

2 ables defined in the text
m Figure 4 Solution of laser rate equations when p is increased at 7=0 from 0 to 1.5. Para-
meters are 7,=0.5, 7,=10
Any Blng-mW 4
L
S —— e e 0.5
n 1.5 r —
from lower levels to lower levels
pump rate ry ) (decay time t, )
0.4+
y TR § 1.0
_______ vi - 0.3
W -
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Example 4

Microprocessor timers are employed in
many applications. In one of our experi-
ments the student is asked to write a com-
plete program to determine the frequency
response of a commercially manufactured
vibrating-beam apparatus. The beam is set
into forced oscillation by a driving signal
which is fed to the beam's actuator coils via
an amplifier. Pick-up coils monitor the beam
velocity to provide a signal which is
repeatedly read by the micro via an A/b con-
verter. Whenever the frequency is changed,
the oscillation amplitude takes time to settle
to a steady value and a preliminary experi-
ment is needed to determine this settling

time. In the main experiment the coils are
driven in tumn at each of a number of differ-
ent frequencies and the steady state velocity
is monitored to deduce an average amp-
litude. With a simple micro (kiM) the inde-
pendent variable has to be the period and
only a square-wave drive is readily avail-
able. With a BBC the frequency or its
logarithm may be usad instead and a range
of driving waveforms is available. In either
case the program compiles a table of amp-
litudes versus the appropriate variable,
which can in due course be displayed
graphically either on a 'scope or using
screen graphics.

The velocity response to a sinusoidal driv-
ing force is shown in figure 6, the mag-
nitude and phase both behaving essentially
in accordance with the theory of the
damped harmonic oscillator. Figure 7 shows
the more complicated response to a
square-wave drive. A square wave of
fundamental frequency f is a sum of
sinusoidal harmonics of frequencies
(2n +1)f, where n=0,1,2 . . . . The beam
resonates whenever one of these harmonic
frequencies is equal to the frequency
fs=8.4 Hz of the peak in figure 6. Thus a
‘subharmonic’ series is seen at frequencies
f=fo/(2n+1).

Velocity —e

Driving frequency f(Hz)
i 3 9

A L L i 1

f 9 P
<
$
>
.
L= N
Driving frequency (Hz|
10 0s 1 2 5 10 20
e r——— ] s ks A A AL

Figure 6 Magnitude {main curia) end phase linset) of velocity
response of vibrating-beam apparatus to zinusoidal driving force.
The ripples are believed to be genuine features of the system

response

Figusw 7 Magnitude of velocity response of vibrating-beam
apparatus to square-wave driving force (note logarithmic frequency
scale). The square wave is a sum of odd harmonics, so the beam

resonates at frequencies f,=/,/(2n +1), where f, is the resonant fre-

quency of figure 6

course on mathematical software. Two
questions (at least) arise: what are the
parameters that give the best fit of this
model to these results?; and, is the model,
with these parameters, a valid description of
the results? These points are highlighted in
example 2. Like the previous example, this
shows the importance and value of the non-
numerical work that precedes numerical
analysis: in this case some careful statistical
mathematics is needed to define the num-
erical problem. It seems to me, in passing,
that not all physicists are good at statistics,
so that even in the heavyweight journals
one can see the first question answered by
means of a least-squares fit without justifi-
cation, and the second question ignored.

A course on mathematical software can
hardly be justified as a compulsory element
of a physics degree, but it is certainly valu-
able as an option. Our decision was to offer
it, together with microprocessor techni-
ques, as a third-year option, and to place
considerable emphasis on practical and pro-
ject work. Access to an extensive sub-
routine library a few years ago meant using
terminals on a mainframe machine, but the
switch to distributed computing power will
greatly increase flexibility.

I have left until last the topic ! know least
about, namely the application of computers
in a laboratory and experime:ntal context.
Micraprocessors are used in many ways for
controlling apparatus and data handling,

some of which will be familiar to students
froin school days. Excessive automation of
teaching experiments to the point where, so
to speak, only the microprocessor handles
the apparatus is not necessarily desirable,
but it is obstinate to resist automation
where itis sensible. It will probably be some
time before there is general agreement
about where the proper balance lies. What
does seem clear is that general microproces-
sor principles should be taught at least asan
option. This means not only programming,
probably in assembly code, but also famil-
iarity with stepping motors, D/A and A/D
converters and so on. Example 4 illustrates
the kind of exercise that can be used.

Looking forward

The picture I have painted, which I believe
is accurate, is of an evolutionary incorpora-
tion of computer-based techniques into
physics course - Tndividual enthusiasts have
been devcloping their own ideas, not
entirely in 502 on but certainly without
being able v diow on a fully developed
generz]l undc sranding of how to proceed.
Some useful books have appeared, for
example those by Killingbeck (1983) and
Harding (1985). 2nd occasional articles are
published in journals such as the European
Journal of Fhysics, American Journal of
Phyics and Physics Education. In an effort
to aid the exchange of ideas, the Education

and Computational Physics Groups of The
Institute of Physics plan to hold occasional
joint meetings; the first of these, on the
second of the four areas defined above, will
be at the University of Essex on 9 January
1986 8
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