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1 Introduction

The electric (and magnetic) field pattern from a single cbdngarticle can get very complicated at relativis-
tic velocities, and diverge a lot from the non-relativistese with lines radially outward. In this lab we will
use a programRadiation 1.0 to investigate the behaviour of the electric field from arged particle at
different velocities in circular motion, linear oscillati and instant change of velocity. Clasically, electro-
magnetic radiation is emitted from an accelerated chargeitfe. These motions are reminiscent of several
physical processes that cause radiation: braking radi@itiemsstrahlung), dipole radiation, cyclotron and
synchrotron radiation.
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Figure 1: A charged particle at rest (left panel) and moving-a 0.9c (right panel) seen in the laboratory
frame. In the stationary case we have uniformly distribdteld lines, spherically outward. In the relativis-
tic case, however, a uniform distribution of field lines (iretframe of the particle) is transformed into a
nonuniform distribution of straight field lines - in the sleapf an oblate spheroid pattern orthogonal to the
direction of motion.

2 Sometheory

As shown in Fig. 1, a charged particle at rest or uniformly mgvat non-relativistic velocities (in the
laboratory frame) has a simple electric field with field limadially outward from the current position of the
charge. In the frame of the particle the field lines are alwayiformly distributed, but as seen in the lab
frame, we get the following transformation law

tan(@’) = ytan(0) (1)

where@ is the angle of a field line with the direction of motion in tHeacge’s rest frame anf!’ is the
same angle as viewed from the laboratory frameyaadd are defined as

y=(1-(v/c)?) 2 = (1-pB?) ? 0
\Y
B= - (3)
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Figure 2: A charged particle moves at velocitgnd stops instantaneously. In the left panel we see that the
particle has an electric field similar to a particle at resthield lines radially outward (at low speeds). At

a time b (middle panel) the particle has stopped and since infoonatannot travel faster than the speed
of light this fact is unknown to the field outside a sphere wibiusr = ct where t is the time since the
particle stopped. At a later time (right panel) thigadius of informationhas reached further out. Tracing
the electric field lines inwards from> ct (dashed lines) we see that they converge where the particiw
have been had it not stopped.

All particle paths in this lab are approximated by very sniaéar segments building up a curve (a new
segment for each step in the animation). Each time the fmdianges velocity (speed and/or direction)
the field lines change. This is called event however, since information cannot travel faster than fezd
of light there is no way for the field lines outside a radiug ef ct to know about the change in velocity.
Thus, as can be seen in Fig. 2, the field lines further out aifitlhs event had not taken place, converging
at a point where the chargeould have beewithout the change in velocity.

Since electric charge is a Lorentz invariant, the numberedf fines has to be conserved across the
expanding surface= ct. Therefore we get a spherical boundary region, forming mtiad pulse transverse
to the velocity of the growing sphere. We can compute thetiposof the field lines by obtaining the angle
of the intersection of each line with the growing spheres(drigle in independent of time). After some math
exercise for general two-dimensional motion we obtain

X(t) =x(t —t') +ct'coq0’) (4)
Y(t) =y(t—t') +ct'sin(8) (5)

and

;. cosu(cog@—a)+pB) sinasin(6 — a)
089 = Beos@—a)  y(i+ Boosf_a)) ©)
sina(cog0 —a)+fB) coxrsin(6 — a)

1+Bcos6—a) | y(1+Bcos6—a))

where x(t-t'), y(t-') is the position the charge had at adim in the past from the current time t (t-t’
thus corresponds to the time of the event that caused thargy@phere). The angle is here defined as the
angle between the velocity vector of the charge and theipesitaxis at the time of the event. The program
in this lab (see next section) uses equations 4—7 with aaventfor each calculated step in the animation.

sin(8') = (7



3 Theprogram

The program we are going to use in this lab is cafadliation 1.8. It is written in IDL and is easy to run
using most platforms (Windows, Unix, Solaris, Mac) as losd@L virtual machine is installed. To run the
program simply type “idl -vm=radiation.sav” in the propetder (ask the lab assistants for details). When
Radiationis launched it shows a menu where one can select betweenyfoes df paths for the charge,
each case with its own interface. These interfaces arenedtln detail for each case: Instantaneous velocity
change (Fig.3), Oscillating charge (Fig.4), Circular rant{Fig.5) and Fun with splines (Fig.6). While the
first three cases are part of the lab, the spline-curve cagsigal, however, it is a fun and illustrative way
to make your own custom path and play around with electriddiat relativistic velocities.

The program works by moving the charge in very small stegstittg each new step (frame) in the
animation as an event governed by equations 4-7. It thushaep track of hundreds of different events at
the same time throughout the animation. The calculatioaslane in real time (not pre-recorded) meaning
that they can be made for any type of motion curve and for ag &mneeded, however, to speed up the
drawing, field lines far out from the charge (often outside shreen) are dropped from the calculations.

For all motion paths, the number of electric field lines carséeand is simultaneously displayed as a
preview using a test charge in the lower left corner of thedew (item 1 in the interface Figures). Since
the speed of computers vary a lot, both regarding calculataind drawing, there are two parameters that
can be changed to speed up or slow down the animationD€hagy slider (usually set to 0 for no delay) can
be increased if necessary to increase the time each step animation is shown (for example if very few
field lines are used and the animation displays too fast). sAdamputer can easily handle the maximum
number of field lines (100) and display the animation smgothl

When the settings are done a simulation is started by pgetisegRun simulatiorbutton. To get back
to the settings after an animation is done just click the defiuse button anywhere in the window. Any
animation can be plotted to a postscript file for easy prinéind for including in the lab report. The result
is 6 frames (X2 plots on a landscape A4 page) uniformly spaced in timestiing the animation. For
cyclic animations (linear oscillation and circular pathg tprogram automatically prints one period even if
several periods are set in the animatiddDisration setting.

4 Theexercises

In the report, the exercises in this chapter should be amgivend discussed, including plots from your
simulations that illustrates the conclusions. Using tlseilts, for each case you should try to draw a sketch
of the E-field behaviour as experienced by a distant observer (iwtwe-zone) as a function of time. Also,
when appropriate, sketch how the observed spectra (théeFtnamsform ofE(t)) looks.

4.1 Casela: Instantaneous deceleration to rest

Investigate the appearance of the electric field for a sloadying (i.e. non-relativistic) charge that deceler-
ates to rest instantaneously. Experiment with differettiainvelocities and the number of field lines. Now,
how about a charge with a relativistic initial velocity tteatddenly stops? Is this case evidently different
than the non-relativistic case? If so, what is the reasothierdifference?

4.2 Case 1b: Instantaneous change of velocity

Now investigate what happens if the charge changes velowtantaneously. Experiment with different
initial velocities, final velocities and angles. How abofithie speed is constant but the angle changes?
What physical radiation process does this represent?
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4.3 Case2: Oscillating charge

Try simulating a charge that oscillates at non-relatigistnd relativistic maximum velocities. Experiment
with the settings - using a small oscillation radius is a mies to get an overview of the electric field. Does
this represent a real physical process, if so, which one?

4.4 Case3: Circular motion

Circular motion of electrons is common in astrophysics wheagnetic field lines are present. Simulate a
charge in circular motion at low, medium and high velociti€&periment with the number of field lines
shown and the radius of the circle. What physical proceps@ss this radiation correspond to?

45 Case4: Fun with spline curves (optional)

Now, this is an optional case which does not have to be indudéhe report, it is however fun and very il-
lustrative. Play around with the settings and draw a fewesifar the charge to follow at different velocities.
Can you draw an elephant?



# Instantaneous velocity change

40 ] 50 Run simulation Print to file Main menu
SR R S PR 2 | % 57 S
Initial vel [w/c] Final vel [v/c] Angle [dea] Delay [ms] Field lines 2]

Figure 3: User interface fanstantaneous velocity change. After setting the physical parameters (2—4) and displéyngs (5—6) the simulation can be runin
real time (7) or printed to a postscript file (8). To get backhis interface after a simulation, click left mouse buttowyahere in the window.



# Oscillating charge
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Figure 4: User interface farscillating charge. After setting the physical parameters (2—3) and displ#ynggs (4—6) the simulation can be run in real time (7)
or printed to a postscript file (8). To get back to this inte€fafter a simulation, click left mouse button anywhere anhindow.



# Circular motion
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Figure 5: User interface farircular motion. After setting the physical parameters (2—3) and displayngss (4—6) the simulation can be run in real time (7) or
printed to a postscript file (8). To get back to this interfafter a simulation, click left mouse button anywhere in thiadaw.




1 Fun with splines
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Figure 6: User interface fdun with splines. After setting the physical parameters (2) and a motion pathbeen drawn (4 and 8) the simulation can be run in
real time (7) or printed to a postscript file (9). The displaytings can also be changed (3, 5 and 6). To get back to tlefdne after a simulation, click left
mouse button anywhere in the window.



