ENERGY, PARTICLE ACCELERATORS AND SYNCHROTRON RADIAON
E=mc

The simple relation E=mds clearly a valid one, demonstrated most notablr Hiroshima in 1945 while
bringing about the end to the second world war, mode commonly in the nuclear power plants supplyimjor
cities. Though Einstein was not awarded the Nab&e for this discovery, it is the one for whidhetpublic
remembers him most. But isn't the relation EXma@onsequence of the special theory of relativigy® have
disposed of length contraction and time dilatioe do velocity, yet it appears the radiation contimumodel must
cling to this king of all relativity results. Clda the RCM must support this facet of relativityebry to be of any
validity. We are going to show in actuality thas, with the gravitational red-shift and the slowaiglocks, E=mt
is not actually a consequence of relativity, butyrba derived directly by studying the absorptionl @mission of
photons.

In any inertial frame of reference, a photon hasmstant detectable velocity of c. Energy camessed
as a change in momentum times velocity. In the cdsa photon in a given inertial frame then, wa danote the
energy of a photon as its momentum times c, sirisdhe observed speed of light in all inertiahfies of reference.
Now, the momentum of an object is simply its mas®$ its velocity. In the case of a photon inegireference
frame, its momentum is then its mass times c. GQoimdp these two relations then yields the resudt t photon's
energy is given simply by it mass timés ¢

Thus we have shown that a photon, a masslesyg,drdi an "effective mass" equal to its energyddigiby
¢’. But this is still a far cry from stating that pbnderable mass has an energy associated vathmit?. Consider
the case of photons bombarding a material. Eachophthat is absorbed transfers its energy to theenal, by
raising an electron to a higher energy level. Tieterial subsequently releases an equivalent amafuabergy
when that electron returns to a lower state. Ifosald convert some or all of the mass in a mdtérta radiant
energy, we would expect to see much more energasetl than would be obtained by, say, burning thennal.
The energy release due to burning is simply astmtiaith converting the form of the material, byeéking the
covalent or ionic bonds holding the constituent esales together. This process does not actuatihidate the
material, as would a change from matter to radedrgy. Let us return to the case of photons bodima a
material.

Imagine an object with a specific mass and enstatyonary in our reference frame, as depictedjuré 7-
1. Let this object be struck simultaneously by phwtons, striking it from above and below as ia figure. Each
of these photons has a specific energy, which eaexbressed as an equivalent mass as explained.a&avce the
velocity of the object is zero before the phototigions, its kinetic energy is also zero. Aftde symmetric,
simultaneous collisions of the photons, the kinetiergy of this mass is still zero, since it wasicit with equal
force from each side. Now, let us assume that eathe photons was absorbed by the object, eaataibiyng an
electron in one of the atoms of the mass to a highergy state. In this case, we have an exanfpeperfectly
inelastic collision. This means that the photonsndt "bounce off" the mass and carry their kinethergy away
with them, as in the case of two pool balls stgkeach other. The total energy of the object & rqual to its
original energy plus the energy of the two photorkwever, since the photons have been complebsgraed by
the electrons, we can alternatively state thanthass of the object has increased by the "equivaless" of the two
photons.
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Figure 7-1 The mass of a block absorbing two phetwill increase by the mass equivalent of the gnefg
the photons.

If we let the energy of each photon be denoted,lthen theehangein energy of the object is equal to 2e,
and thechangein mass is given by 2e divided b§; cTaking the ratio of these two quantities yiellds resultant
change in mass of a material as a result of abspnaidiant energy--the change in mass is equdigahange in
energy divide by © Thus absorbing a unit of radiant energy resultan increase in mass equal to the energy
absorbed divided by*c Likewise, the conversion of masgo radiant energy would result in the energy produced
being equal to the mass converted timés Ié we converted the entire mass of a materitd Energy, then the
change in mass would equal the total mass of tiecpland the energy released would equal the ¢oigy of the
object. If we represent the total energy of thcatbby E, and the total mass of the object by mane left with the
relation E = mt

This is, of course, the result we are looking fotote that, as in the case of the gravitationabmpiial, the
energy released does not necessarily need to theeiform of photons. The universe tends to trdafoems of
energy as equivalent. What is important in thistien is that we are converting mass to energy, simply
accelerating a mass to a particular velocity tadpoe kinetic energy. As a body is acceleraterktdins its mass
energy, and acquires the kinetic energy.

The kinetic energy of a moving body, as derivedtandard Newtonian mechanics, is equal to onethalf
mass of the object times the square of its velocltus the total energy of a moving body is gibgrits mass times
¢ plus one-half its mass times its velocity squartfidve express this energy as an effective egeivainass, then,
as long as the velocities are kept well below iheed of light, it can be shown that the effectivesmof a moving
body is equal to the gamma factor times the achass of the object. This is the familiar term rfalativistic mass
increase due to velocity, applicable for velocitiesich less than c, which accounts for all intecardi of
macroscopic items for which the rest mass and itglace accurately known. Bear in mind again thig effective
mass increase is due to the kinetic energy of algrable mass, and is not actually conversion ofetiergy into
ponderable mass, which is impossible except focgsees such as nuclear fusion or fission. Thigisa subtle
distinction. In relativity, the actual mass of thigiect is presumed to increase by the fagtesuch that, at the speed
of light, the mass of the object would be infinitAdditionally, conversion of this light speed massnergy would
release infinite energy. If this were the casenthf we could somehow accelerate an electroreguakitron to light
speed, allowing them to annihilate each other, dinat reaction would provide us with an infinite szmiof energy.
Unfortunately, in the relativistic model, it wouddso take infinite energy to accelerate anythingneso small as an
electron to light speed, so this cannot happen.

In the RCM theory, this problem does not occuhe Effective mass equivalent expressed for the mgovi
object is simply that, not an actual change in m@asthermore, the approximationyéimes the mass applies only
at speeds much less than c. Once the velocityoapbes c, that approximation is no longer validl te effective
mass equivalent is much less than that predictecklayivity theory. Thus, even at the speed ofleere relativity
predicts an infinite mass, the effective mass efdhject in RCM theory is only one and one-halfetinits rest mass
(as we will see later, if we include the additiokimetic energy of the mass equivalent of the kinenergy itself, we
wind up with an effective mass of two times theeallp rest mass). Furthermore, to accelerate anatbject to
light speed, one must accelerate only the objeess mass. The effective mass equivalent is aecefif the
velocity, not an addition to the mass which musbdle accelerated. Actually, we might have to idleadditional
energy to accelerate the effective mass of thectbjkinetic energy as well, in the same manngragity has to act
on Mercury's kinetic energy. But, even at the dpafec, this would be equivalent to acceleratingass of at most
two times the initial mass, not an infinite masgesdicted by Einstein. Thus to accelerate anoblgehigher and
higher speeds, even those approaching c, requitgsaocontinuous application of a finite amountfofce. If
enough fuel can be provided to apply the forceadong enough time, an object will eventually reaahd then
exceed, the speed of c.

So what happens in particle accelerators? Iretlesices, elementary particles are routinely acatdd to
velocities approaching ¢, and their mass apparentyeases by the facter not by the smaller effective mass
predicted by RCM theory. The answer to this qoeslies not in an actual change in mass with vglotiut rather
in the way in which mass is determined in a patadcelerator.
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MASS AND THE GAMMA FACTOR

The relativistic theory of space-time suggests, tha an object's velocity increases, so does dssm As
you might expect, this mass increase is proportimméhe factor gammay, which as we have seen is equal to one
over the square root of one minus the square ofelaxity of the object, with this velocity expresisas a fraction of
c. At the speeds with which we and our man-madehmas are accustomed to traveling, this factor is
imperceptible. However, at speeds approachinggeceffect of multiplying the mass by this numbecdiaes great,
and the mass of an object in motion becomes mamgstigreater than its "rest” mass. This apparéattdiias been
observed experimentally in the case of elementanyigles, including electrons, which we will coresidfor this
discussion.

Suppose we wish to force an electron of a givessnta move in a circle by applying a constant fgdia
inward force. In order to cause an object to devieom a straight path, a force must be appliecciwhaccelerates
that object in the required direction. Thus, mgvian object in a circle of a given radius requisesonstant
acceleration of a fixed value. The force requitegroduce a given acceleration is equal to thesrofishe object
times the acceleration desired. It so happens @ébtrons and other elementary particles in matiat the only
appropriate way to determine their mass is to plédesn in the presence of an external force and vgeat
acceleration is caused by the application of thetef. Thus, if, as an electron goes faster artérfas greater and
greater force is required to produce a given acatis, it can be argued that its mass has incceaeame A of
figure 7-2 depicts a stationary electron in thespree of a magnetic field between two parallelgglatAn electron
in the presence of a magnetic field experiences@efin a direction perpendicular to the directdrthe field. The
direction of the magnetic field in frame A is thgbuthe plane of the page, resulting in a forcehendlectron from
the lower plate to the top plate as pictured. Tegnetic field is not shown, but just the resulttorce, for
simplicity of visualization. The magnetic fieldgoluces a defined force on the electron, due toeitgtive electric
charge and its motion, in a direction perpendictdanoth the motion of the charge and the direatibthe magnetic

field.
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Figure 7-2 A moving electron experiences less falwe to a magnetic field than does a stationargtede.

The reduced force appears as an increase in the wfathe electron.

If the force were to act on the electron for arslime, the electron would be accelerated towhedtbp
plate very quickly, and the electron would strikattplate. In frame B, the plates have been cuineda circle,
such that at all points the force on the electeoradially inward. If the electron is placed intion, it will have a
tendency to continue in a straight line, howevethé magnetic field (still through the plane oétbage at all points)
is set to the correct value, the force of the etectrying to go straight will be exactly balandegthe force pushing
the electron toward the inside plate, and the edacwill travel in a circle. For a specific radiasd electron
velocity, the acceleration required is clearly defl. As an example, the acceleration due to gravityell defined,
thus it can be calculated that the radius of arba satellite which is to have a velocity whicteks it continuously
over the same point on Earth is about 22,500 mil&be force on the satellite is equal to its masses the
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acceleration due to gravity. If there were no dyawe would have to create a force which wouldwdithe satellite
toward the Earth with the same acceleration whrelvity produces.

In frame B, if the electron is moving with a fixeelocity, the force (magnetic field) required teelp it
moving in a circle increases as the velocity insesaby the factoy over what it should be to produce the required
acceleration according to Newtonian mechanics. Ngmce the acceleration can be expressed as rite dovided
by the mass of the object, and the required foeeihcreased over what one would expect to usepoutd appear
that the mass of the electron has also increasdtiedbgame factor of. At varying velocities for the electron, the
results are always the same, the force requireédcigased by for that velocity, and therefore the mass of the
electron appears to have increasedytas well. This is certainly the argument usedeilativity theory, and the
"observed" increase in mass in particle accelesasoctonsidered as one of the major factors in@umb the theory.

Now let's look at things from the electron's pergjwe. Recalling that electromagnetic radiati@avels at a
velocity of ¢ in the detector's frame of refererten the lines of force between the two platesbmithought of as
"moving" at a velocity of ¢ from the bottom to ttep plate (or outside to inside plate). Note thatforce does not
actually move, but it is helpful to provide a grapbxplanation of the ratio of magnitude and di@tbf forces, so
that we can see where the gamma factor arisedranme C we see a small section of the circularegldtom the
point of view of the electron. In its frame of eeénce, it is standing still, and the lines of éproduced by the
magnetic field are traveling, not only directly @ss its path, but also backwards at a velocityréthethat
unfortunate word again) equal to what we in thenefce frame of the lab call the velocity of thec&lon. This
results in a triangle with a hypotenuse of c, anégacross the path of the electron given by thid@orean
theorem as the square root éfnainus the square of the electron's velocity. Niwthe same way that velocities
were described earlier as being made up of comperagright angles to each other, so it is wittcésr: Thus a
force along the line represented by ¢ can be cersidas being made up of two components, one dfentine of
motion of the electron, and the other along the pierpendicular to the two plates. It is the valfithis component
of force which the electron feels acceleratingard the top plate. In the case of this forcéngcacross the path
of the electron, the resultant force is less theninitial force by one over gamma. If we wish fiois resultant force
to have the value required to keep the electronimgow the desired circular path, we would haventrease the
applied force by the factor gamma. This requineckéase in the initial applied force comes abouhaevit an
increase in the mass of the electron. In fadhéfewere an increase in the mass of the electron, thelrfibrce
would have to be increased even further, by a fatabr ofy’ to account for this.

Note that it is the nature of this force--an electagnetic one--which requires that the lines atdobe
"moving" past the electron at the speed of c.héf force were from a piston, or a blast of airnthe effect would
not depend on the forward velocity of the objednfdorced. But, as we have seen earlier, Maxsvelfjuations
require that electromagnetic interactions occuthat speed of ¢ with respect to the observer (in tase the
electron). While the above discussion indicated thwas the resultant force which was scalecheygamma factor,
it can be alternately viewed that the magnetiafislskewed instead, and the resultant cross-ptadube electron's
charge and velocity properties with the gamma scab@agnetic field produces a smaller force on tleetedn--
smaller by the same factor gamma. The most impopart of this discussion is the realization thlactromagnetic
interactions do not behave in the same mannerratymhysical forces. A force applied across tathpf a moving
softball and a stationary softball will produce #@ne acceleration in each along the line of trakf In the case of
a moving electron in a magnetic field, the init&locity of the electron across the path of the metig field will
cause the value of that magnetic field's effedidaskewed by the factqr This happens because the requirement
that electromagnetic effects operate at the spéedio the observer's frame of reference must hisfid. In
actuality, of course, all physical effects areibtitable to electromagnetic interactions. Thusvé tried to hit a
baseball traveling across our path at a velocifyr@gching c, in addition to needing a very good, eye would
expect that we should require a much larger favaghtinge its direction.

Thus, in our experience, no large physical objeatee been moved and measured at a great enougtityel
to determine the relativistic effects on mass. €menentary particles which do move fast enoughhzare their
mass determined only by means of electromagndgcaations. According to the radiation continuumdel, these
particles do not suffer an increase in mass prapwt to their velocity, but only a decrease in #ectromagnetic
force which is proportional tg. Since electromagnetic means are required to reagie determinations as the mass
of moving particles, these "measurements” are sacis scaled by the same factor as the electrostagforces
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themselves, resulting in the apparent increasedasnof particles in motion. We can continue thalyeis of an
electron forced to move in a path defined by aesedf magnets by considering devices known as sgtrons,
which are the subject of the next section.

SYNCHROTRON RADIATION

If a charged particle, say, an electron, is cadino move in a circular path by a magnetic fieltdk
continual change in direction experienced by tleetedbn will produce an electromagnetic wave. Thibecause a
moving charge produces an electric current, andaaging electric current produces electromagnetizes--light.
A simplified schematic of this type of device igied in figure 7-3. In this case, it is the chiaug direction of the
electron's motion which results in a changing auttreéThe frequency of the light produced would ibegems, equal
to the rate of revolution of the electron aboutdigular path, or, for an electron traveling nékght speed"”,
approximately c divided by the circumference of gah. In reality, the observed frequency of tlétlis much
greater, and increases with the velocity of thetede by about the cube of the gamma factory®orWhile the
relativistic viewpoint explains this phenomenonhwiglativistic aberration and time dilation, thelieion continuum
model provides a much simpler approach. We wikftonsider the relativistic explanation.

We begin by looking at two sources of synchrotiadiation. The case described above is an ovelifiep
picture of an actual synchrotron. In such a dewice electrons are confined to a circular orhit, the radius of the
actual device does not equal the radius of cureataused by the bending magnets. There are setesgght
sections between the magnets, so that the actwaeds much larger than the radius of each magrgiis is
analogous to taking twelve curved sections of moaiéload track, which can be joined together tckena circle of
a given radius. If you now place one piece ofightatrack between each two curved pieces, theltnegu
circumference will be roughly twice the originay¢aut. In a synchrotron, the radius value of indéis the radius of
the bending magnet, which would equate to the gadfujust the curved track sections. For this aaasve will
diagram the synchrotron as a perfectly circularigkevabsent of any straight sections, so that #tbus of the
synchrotron equals the radius of the bending magastin figure 7-3.
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Figure 7-3 An electron confined to a circular orliill emit light in a direction tangential to thatrbit at a

frequency proportional tg/° for the electron's velocity.
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The radiation emitted from a synchrotron is a veayrow beam, given off in a direction tangentre orbit
and in the direction of motion of the electron. |dgistic theory states that relativistic abermaticauses an increase
in the frequency by abowyt In addition to this, since the emitting electismoving in the direction of the emission,
the radiation reaches the observer in a much shtine period than was required to emit the radmti This
Doppler type effect increases the frequency by alaotactor ofy, so that altogether the observed radiation is
increased from the frequency of the electron'stdnpi factor of roughly’.

In particular, the radiation from a synchrotrordéfined by its critical wavelength. The critisgehvelength
defines that frequency which divides the total ateti spectrum in half. One half of the radiatedqras below that
frequency, and one half the power is above thajuigacy. The peak power of a synchrotron is radiaea
wavelength equal to seven-tenths of the criticalelength, and almost all the power is radiated betwtwo-tenths
and ten times this wavelength. The radiated specis very broadband, as it contains the transfdrinequency
and multiple harmonics. The harmonics are sepdu@iehe order of one megahertz (one million cyplessecond),
which, given the high radiated frequency, are difti to individually discern. Thus the total ratitid appears as a
continuous band of radiation, spread evenly in poareund the critical wavelength. For this distusswe are
interested in the peak power of the radiation, Whoccurs at seventy percent of the critical wawvglen We will
define the initial frequency as being equal to ithe of revolution of the electron's orbit aroutsl dircular path,
given approximately by ¢ divided by the circumfererof the circle. From the geometry of the figared the
gamma cubed relation, the critical frequency maych&ulated for any synchrotron. In terms of thdial
frequency, the critical frequency is equal to timoetsy’ times the initial frequency.

A second type of synchrotron radiation sourceniswn as either a wiggler or an undulator. Thesacds
are similar except that a wiggler perturbs thetedets path to a greater extent than an undulatée. will consider
the case of an undulator, as it is simpler to aaly the general case. In an undulator, a fasingcelectron in a
straight section of trajectory is forced to mowea periodic fashion for a short distance befotarnéng to its
original course. In figure 7-4, a series of fivagnets cause the electron to follow the periodib gaown, before
returning to its original trajectory. The directiof the magnetic field is alternating into and ofithe plane of the
paper with each magnet. A series of three magmetiuces one period of oscillation, and is callezsingle-period
wiggler or a wavelength shifter. The distance lemwany three magnets is therefore also the peneaielength of
the electron's path, and we could state that tht@lifrequency of the electron is roughly ¢ diviléy this
wavelength. If the field of the magnets is smallas to only cause a minor deviation from the ghtapath, the
device is called an undulator. In this case, tdmvérd velocity of the electron does not deviatiessantially from its
initial velocity. The radiation here is causeddhanging the current of the electron by makingliofv the periodic
path. In this type of radiation source, the radratietected is proportional to the squarg.ofThe radiation from an
undulator is not broadband as in the case of thehsgtron, but is centered very tightly around thedamental
frequency of the device. The relativistic argumfentthe shift in frequency is as follows. In tteference frame of
the experimental setup, the electron, traveling aklocity close to ¢, completes one period ofdkeillation at a
frequency of ¢ divided by the wavelength of theceten's path. Now, in a frame moving along theamppus at a
velocity equal to that of the electron, the frequeis skewed by the factor gf due to Lorentz contraction. The
moving electron thus emits radiation equal toriégjfiency of oscillation in its frame of referencko determine the
detected frequency in the reference frame of therktory, we must apply the relativistic Doppleiftstvhich, to
first order, results in a frequency shift of twmésy’ from the initial frequency of the electron's oltibns in its
path. This is the frequency of interest in an Uaithw, and is the one we will derive utilizing thediation continuum
model. We will begin with this derivation, and theonsider the case of the synchrotron.

Chapter 8 - Energy, Particle Accelerators andc8yotron Radiation

© Curt Renshaw 1997 crenshaw@teleinc.com



Renshaw The Restoration of Space and Time

Ao
T
—~
fo
- M~
A A ¥\ 2
Detector
UNDULATOR
Figure 7-4 An electron forced to move in a periotishion along its otherwise straight path will ¢rai

frequency proportional tg’’.

In the undulator, we have a simple case of a soofdight in motion with respect to an observgvhile in
the past we have imagined an explosion, a headbgétiar or a radio emitter, the effect here isstme. If we were
moving along the axis of the undulator at the sapeed as the electron, we would see an electroinmaoyp and
down in a periodic fashion with a frequency of widiéd by the periodic wavelength of the device.isTinotion
would produce a light at this frequency, which wewd see radiating ahead of us. Now, an obsetegipsary in
the lab frame would appear to be moving toward tua gelocity equal to the speed of the electroomugh the
undulator. This observer would require that congmrof the radiation leaving our source at a vé&oef ¢ minus
the electron's velocity, and his detected frequemayld thus be equal to the initial frequency tinsedivided by this
component velocity. Using the knowledge that tameity of the electron is close to c, it is simpbeshow that this
relation for the shift in frequency observed in thboratory frame is equal to two timgs as in the relativistic
model.

In order to analyze the synchrotron, we must amrsihe frame of the electron a little more closely the
undulator, the electron is moving at a certain dibspeed, and thus its clocks would slow such thigrmally it
appears to be oscillating at a frequency shiftetthéared byy for that velocity. Thus the electron will emitdiation
at that higher frequency as measured by its clo¢kswever, since it is moving, and we are awaréittia moving,
the transformed frequency in our frame, as meashyedur clocks, is still the initial frequency, tfieequency at
which we observe the electron tracing its pathughothe undulator.

In the synchrotron, the case is different. Héredscillations are due to the electron moving airele (in
the idealized case). Thus the electron is movirg faxed velocity, but is also standing stationaryhe laboratory
frame. In figure 7-3, the oscillation can be pietl as due to the motions of the electron in tlo yertical axis
only, since, over the course of one complete reiaiuthe electron would begin and end at the saroeordinate,
with x being considered the axis along which thgiation will be viewed. In this system, the fregag which the
electron is emitting must take into account theviig of its clocks in its frame. Thus, the emitfeglquency in the
electron's reference frame is equay tomes the initial frequency. This radiation canthought of as that frequency
measured with "local" clocks, which is of coursgher than the frequency measured with "proper“dased
clocks. Now, in the laboratory frame, we have ktteon emitting radiation at a frequency ptimes the initial
frequency, and moving along the x axis at a vejodlibse to c. From here out the analysis is timesas for that of
an undulator, or any moving source, except thatititeal frequency is already skewed one time by tamma
factor. Thus the observed peak power frequendfieBynchrotron is roughly equal to two timésimes the initial
frequency. This is equivalent to the expressiomiokd for the frequency of peak power derivedieatlsing the
relativistic model.

The table below lists several synchrotron sourttesy energy, E, in trillions of electron-volt&¢V), and
the critical wavelength), in angstroms (Iim). The velocity of the electron can be determibgdknowingy,
which is equal to 1,957 times the energy. The benohagnet radius, r, in meters, is equal to thtecat wavelength
times E divided by 5.6, and is included in the table. Téktivistic peak power wavelength is given by tifdes
A, The radiation continuum value for the peak poweawelength is derived according to the above disions.
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These two wavelengths, relativistic and RCM, am@vigled in the table, expressed in units of angsttoifihe table
shows the close correlation between the two valaesn with the simplifying assumptions made in #wmve
derivations. The source for the above table is BBOOK ON SYNCHROTRON RADIATION, Vol 2, Marr,
North-Holland Physics Publishing, 1987.

Location Energy (GeV) | Ac(A) Y r(m) TJ1IAc(A) Arc(A)

Beijing - BEPC 2.80 2.60 5480 10.19 1.85 1.95

France - SUPERACO 0.80 18.50 1566 1.69 13.14 13.85

Italy - ADONE 1.50 8.30 2936 5.00 5.89 6.21

Japan - UVSOR 0.75 29.00 1468 2.18 20.59 21.71

Hamburg - HASYLAB | 3.70 1.34 7241 12.12 0.95 1.00

Japan - TERAS 0.60 10.00 1174 0.39 7.10 7.48

Table 7-1 A comparison of the critical wavelengtifsvarious synchrotron sources as computed using

standard relativistic procedures and RCM theory.

PHOTON ENERGY AND THE NATURE OF PHOTONS

Max Planck determined that the energy of a phaobtaist appear in packets which he called quanta. He
made this discovery in trying to derive a modeltfog radiation emitted from a black-box at any gitemperature.
The classical explanation for such an effect wdidde indicated that there would be more energyymed at high
frequencies, such as the x-ray band, and alsotlieabox would effectively contain infinite energyf the first
conclusion were correct, we could all expect tdbbieded from cooking with a cast iron skillet, whithe second
conclusion is clearly ridiculous. The second caosidn, in fact, resulted in the common name fos ghrioblem, the
ultraviolet catastrophe.

Planck was able to derive an expression which megt@xactly the actual distribution of energy emaitt
from a black-body. From this relation, without @ty describing the nature of these quanta, he atates to show
that each quanta has an energy equal to a smallacdrtimes the frequency. This small constanbis known as
Planck's constant, and is usually denoted by therle. We generally refer to these quanta asguisptand say that a
given photon carries energy equal to h times @égudency.

Einstein took Planck's quanta concept and applie another interesting problem of the times--a
phenomenon known as the photo-electric effectwdfshine a light of a given frequency on a metahe electrons
will be emitted from the surface of the metal, @agh of these electrons will have a specific enetfjyhe intensity
of the light is increased, rather than getting bighnergy electrons, we simply increase the nurob&lectrons
emitted from the metal. Only by increasing thegérency of the incident light do we increase thergynef the
electrons emitted. Ultilizing Planck's relationveeén frequency and energyi, it is fairly easy tdarpthis effect. A
certain amount of energy is required to knock attebn loose from the atom it is contained in. Htiffequencies
associated with energies below this amount will kimaick out any electrons. Light above this frequewill cause
the metal to emit an electron. The kinetic enesfithe emitted electron is the directly proportibtmhow much
higher the energy, or frequency, of the incidegittlis above this critical value. The higher thegfiency, the more
energetic the electron. Increasing the intenditthe light increases the number of quanta, or @gtstriking the
metal, and therefore increases the number, buheatnergy, of the emitted electrons.

It was then obvious from analysis and experiméat the energy of a quantum must be equal to the
frequency of the photon times Planck's constarttis Telation must also be reconciled with two otblservations.
The first is the Doppler shift, and we will considiest the case of radial velocity for simplicibere. We know that,
for radial velocity toward the observer, the Dopghift is equal to ¢ divided by the initial compan velocity of the
light. The second consideration is the alternapmression for photon energy, in terms of mass edeint, given as
the mass times’c We can combine these relations to show thafrétiency of a photon is equal to its mass times
¢’ divided by Planck's constant. Now, Planck's aamtsand tare by definition constants in any given inertiame
of reference, yet the frequency changes when doimy one frame of reference to the next accordindpé Doppler
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shift relation. This would imply a velocity depemgte to the mass of a photon. This seems to denitnadiction to
the previous two sections which indicated thatéhiemo dependence of mass on velocity. The résollies in the
fact that a photon actually has no mass at alll oAthe contributions to mass in the case of at@hare due to
effective mass equivalence.

When Planck made his observations, he was nedgssiaserving the energy of a photon traveling &t c
his frame of reference. Even so, his expressiothi® energy represents the total energy of therhbd photon. It
does not make sense to speak of the energy of imeg gelocity component of the photon, as the enpinoton is
either absorbed or emitted as a whole, not asnmenéal components. We can also speak of the mameot the
photon, and in this case, we can consider the mamenf each velocity component. For the time belegus
define the reference frame of the source and tlserebr to be the same, thus, we are interestedeirvelocity
component traveling at c. We can use Planck'gygmretfation to define a unit of momentum. At thanp at which
Planck is observing the photon, the momentum iemgiby the energy divided by the velocity, whiclofscourse
always c at the point of observation. We can as8igs value to all points along the photon wawvetf@ following
reasons: 1) the photon wave has the same frequerady points (the wavelength changes with thecigf), 2) an
interaction may occur at any point along the photae, depending on the relative velocity of theasler, and 3)
when the photon is absorbed, the entire photon wgaabsorbed at that point.

The momentum of the photon at any point may adtidraly be defined as its mass times its veloditthat
point. Since we have defined the momentum of aittednphoton to have the same value along itseigingth, the
effective mass at each point must change to accaatadhis, just as the wavelength changes to keefréquency
constant. In fact, it can be shown quite simphtttne product of the mass and wavelength at aimt ptong the
photon wave is equal to a fixed quantity given tgnek's constant times the frequency divided byAaecrease in
component wavelength is matched by an equivalenease in effective component mass. Thus, thetefiemass
at a slower velocity component would be greaten i@t at a higher velocity component. The rafithe various
component masses to the mass of the ¢ velocity aoem is given by an equation similar to that fue Doppler
shift--the mass shifts by c divided by the veloa@fythe component of interest.

Now imagine an observer moving toward this compora a velocity that would give the component a
speed of ¢ in his frame of reference. To this nkesethe momentum of that component of the ph@tats effective
mass times its velocity in his frame. The enerfiyhe photon then equals the momentum times thecitg| and
also, according to Planck's rule, equals Planadstant times the shifted frequency. Combiningéhtvo relations
for the energy, we can derive an expression foshiiked frequency of the photon absorbed by theingoobserver.
The shift in frequency is equal to ¢ divided by thigial velocity of the component of interest. ¢hapter three we
derived the frequency shift by using the same imeat of waves and frequencies that Doppler usetisn
derivations. In this section we proceeded by atiatythe energy difference between the emissianpmtioton in one
reference frame and its absorption in anotherbadih cases, approaching the problem from two diffeavenues,
we obtain the same result. A similar treatmentpoes the Doppler shift for perpendicular incideaselerived in
chapter four.

Referring once again to figure 4-2 and the Pythago theorem, we see that the initial velocity congmt
of light required by an observer with perpendicutastion is equal to the square root of the sunhefdquares of ¢
and the observer's velocity. The shift in the @ffee mass of this component is then given by ddéid by the
velocity of this component. To first approximatifor speeds much less than c, this shift is equalne over the
gamma factor for the observer's velocity. Thusehergy of the photon absorbed by the observeguslgo the
energy of the emitted photon divided by gamma, #@ydPlanck’s rule, the shifted frequency is eqaathe initial
frequency divided by gamma as well. Thus, usirapéit's observations, and the rules for momentumeaedgy,
we have derived the Doppler shift formulas for fjateand perpendicular incidence expressed in @rafuur.
Combining these two relations using simplifying uaaptions valid for speeds much less than c, wevarat the
same equations derived in special relativity. sTapproximation to the relativistic form of the [pigr shift holds
only in limited cases, but these cases accourdlf@xperimental observations made to date. Lingithe observer's
velocity to be much less than c, the effects duartp velocity in the radial or parallel directiorillvewamp the
perpendicular velocity effects, and the equatiofi meduce to the standard Newtonian Doppler equatidf the
velocity is purely in the perpendicular directidghen the frequency shift is equal to one over gapamd only the
so-called “relativistic time-delay" Doppler effeeppears. Only when the velocity approaches c tiié
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approximation to the relativistic formula fail t@ld, and then, depending on the angle betweendhes and the
observer, the difference can become quite sigmificdhe only sources which we know of with resgeahich we
have velocities great enough to reflect the difierebetween RCM theory and relativity theory argywemote
galaxies. Unfortunately, we must use the very Dapgpalculations we are trying to test in orded&termine their
velocity. With no independent means to test thielocity, the discrepancy between the two theamtesuch speeds
cannot, as yet, be tested.

If we imagine photon's as they exist in relativttigory, each traveling at a constant speed afidt wath an
associated energy of fathen we must come to the conclusion that a photangiven frequency is fundamentally
different than another photon of a different freguye The effective mass of each of these phoisnisique. One
is forced to wonder why or how there could be saynanique types of photons, one for each possiblguency we
may imagine. Since, for any two frequencies, nétendow close their values, we can imagine andftteguency
midway between these two, there is also a uniquéophtype associated with this frequency. It isyet® see then
that, in the relativistic model, the number of tymé photons is infinite. This is an uncomfortimgtion. One would
imagine that a photon is a photon is a photon.igh lenergy electron is still an electron, and thisrenly one type
of electron. The same is true of neutrons, muprpns, and any other particle one wishes to densiAnd yet we
are to believe that there are an infinite numbeypés of photons.

Now, consider a photon as it exists in RCM theoriyor purposes of illustration, the photon may be
visualized at some point in time as pictured irufeg 7-5. At any point along this wave, we can meaghe
wavelength. We have already seen how a partiauéarelength can be alternatively expressed as aivadent
mass, thus, the shorter wavelengths corresponceday mass. It is also true that the shorter lgagehs represent
lower velocity components of the photon. Thus vagéehthe situation whereby, for any given photoarat given
energy, the more "massive" components travel dowes speed than the less massive components. i§ kisry
intuitively comforting. One would expect that, fargiven energy, we would be able to push a Volgsmafaster
than a Mack truck. Now, imagine that every phdtas the exact same structure. How do we obtaiinfiréte
range of achievable frequencies? Consider a poirthe photon with a given mass or a given wavetendf we
generate the photon with enough energy so thatcttraponent is traveling at a speed of c, the pt®wmergy will
be given by mt Now, suppose we create a photon with more enelgyhis case, we can force a "more massive
component of the photon to obtain a speed of dagk truck has a much higher energy engine thanlkswagen,
thus it is able to accelerate a much more massiecke to any given speed. The measured energumohew
photon will be greater than the first, since thessna the energy equation will be greater. Thilspleoton's are
equal in form, but the energy supplied at the tiofetheir creation determines the relative veloaityy each
component, in much the same manner that a cargdfesn mass moves at a greater speed when one appdiee
energy by pressing on the "accelerator."

Alternatively, we may state that if we supply @aer energy in creating the photon, a smaller ieagth
component will achieve a speed of c. Since freques equal to ¢ divided by the wavelength of tleenponent
traveling at that velocity, and the wavelengthrisaler, the frequency will, of course, be great8tarting with our
one, universal photon, we can vary the energy ggbpd create it over an infinite number of valuasd thus create
an equally infinite number of values of frequencin RCM theory, a high energy photon is just a hagtergy
photon. There is only one type of electron, opetgf muon, and one type of photon.
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Figure 7-5 A graphical representation of a photan RCM theory. The faster components have longer
wavelengths, and the energy supplied by the saletermines the velocity of each point and also
the frequency of the photon.
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Even with the simple analysis of photon energwigled above, we might still ask "Why is a photon so
fundamentally different than any of the elementaayticles in the way it carries energy?" A pastiol motion has
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energy equal to its rest mass plus its kinetic ggneand its kinetic energy changes according toeélscity or the

velocity of any observer with respect to it. Whale absorbed photon changes its energy by virt@elidppler shift

due to the observer's relative motion with respedts source, we have seen repeatedly that thgyeaas to be no
distinction between its kinetic energy and its ig#m energy. Both energies appear to be rollethtupately in the

nature of the photon, and to be also inseparatdgrom the other. However, this may be due tdladg in the way

we view both the "rest mass" of a photon and theraaof kinetic energy.

First, remember that a photon, which is considgreet energy, is affected in a gravitational figidthe
same manner as mass energy. We also illustratedhapter seven that kinetic energy itself is affdcin a
gravitational field when we derived the anomaloesihelion advance of Mercury. We also know fronarek's
studies of photons that photon energy can be expdess kinetic energy due to an equivalent mastasito the way
in which a physical mass strikes an object withekimenergy due to its motion. This equivalencalbforms of
energy leads to an interesting question--does ikietergy itself posses kinetic energy? From tteargples above,
it would appear that the answer should be yes.wBytdon't we see this effect in our everyday eiquee?

Imagine a large automobile traveling at a higloey. This auto has kinetic energy equal to oal-its
mass, which is relatively large, times its velogdyuared. The result is a large value of kinetiergy, which we
feel if the car hits us from behind. But how muditional impact is supplied by the additionaléktin energy of
the mass equivalent of the auto's kinetic eneMyfe can express the auto's kinetic energy as awagqot mass by
dividing by &, thus the equivalent mass of the kinetic energagisal to the mass of the car times its velocityased
divided by two times ¢ The kinetic energy of this equivalent mass Entlequal to one-half this mass times the
velocity squared--the same formula used for theraabile itself, but with a much smaller value fbetmass. This
additional kinetic energy would, in fact, be almosgtgligible. Even if we could drive our car at euercent the
speed of light, or 1,860 miles per second, thesezl/ikinetic energy would be the same as the Nearokinetic
energy for a car weighing less than one-quartengaunore than a typical car. This is a very sméfecence
indeed, and it is small because, despite the velgtiarge mass of the automobile, the velocitiéth which we are
dealing are much smaller than c.

Now consider a photon traveling at a speed of thénreference frame of its source. If this wetgpacal
particle, its kinetic energy would be equal to ¢radf its mass times its velocity squared, or onéitmass times
¢’. The equivalent mass of this energy would be leiguthis energy divided by’ cor simply one-half the rest mass
of the photon. This is a much larger equivalenssrthan we saw with the automobile example. Thetid energy
of the equivalent mass of this kinetic energy tésnthen one-half the equivalent mass timgsoc one-fourth the
photon's rest mass times Thus the additional kinetic energy supplied iy kinetic energy itself is half as large as
that attributed to the photon's rest mass. Tige tf energy is too large to be ignored. But thait all.

The second kinetic energy term derived above hasgaivalent mass equal to one-fourth the rest robss
the photon. Thus the kinetic energy of this edeinamass is also too large to ignore. In factewkve add up all
the additional kinetic energy terms for a photog, fimd that its total kinetic energy is equal ®riést mass times$, c
twice the Newtonian value. The total energy oftheton would then be equal to two times its reassitimesc If
we therefore assume the "rest mass" of a photbe tne-half the value proposed by Planck and Bmste find a
photon in which we can distinguish between its irheor rest energy, and its kinetic energy, wkilk maintaining
the characteristic total energy experienced bydRlamd Einstein. Defining a photon in this manmégth one-half
the rest mass of a relativistic photon, all of pinevious analysis provided in this chapter stilhies its validity. We
have simply attributed one half of the energy gdfhaton to its rest mass, and the second half tsuhe of all its
kinetic energy terms.

While this may seem like a purely semantic argutrienarries with it two important points. Firsince all
energy is equivalent, then kinetic energy shoulgspe additional kinetic energy due to its equivtateass and its
velocity. If such were not the case, there woubdsomething fundamentally different about kinetiergy in
comparison to other forms of energy, in contradittio the ease with which we can convert from amenfof
energy to another--say from gravitational potergiaérgy to kinetic energy and then to heat enesgywe drop an
object from a tower. Second, the presumption @haton with uniqgue and separable rest and kinetargies
provides us with yet another derivation of the Deppshift utilizing energy considerations and Gadih
transformations.
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Imagine a source of light centered at the oridiroe reference frame which is moving away from an
observer at the center of another reference franaecanstant velocity, as in frame A of figure 745.the observer
detects a photon at a given frequency, it will hawest energy given by its mass timgsahere, again, this mass is
equal to one-half the rest mass of a relativistiotpn. The component which the observer will uttiety detect
must have a velocity with respect to the source plus the separation velocity of the referencenéa. The kinetic
energy of a component traveling at this velocithigher than that of the same component travelirgpaoportional
to the relative velocity of the reference framésGalilean transformation of the total energy of tphoton emitted
from the source, as seen from the observer's fdmeference, is equal to the detected or obsesmedgy times one
plus the velocity of the reference frames dividgdcb Inverting this relation yields the observedquency as
compared to the emitted frequency. The obsernaguéncy is equal to the source frequency timewidedl by c
plus the separation velocity, just as we saw irptdrathree and the first part of this chapter. sTikithe equation for
Doppler shift due to motion along the line joinitige source and the observer, but what about mpgopendicular
to this line?

A B v C
v
Y y
.2 2
2 2 c -v
c+v v
< \
c Cc
A
.
| r
Z i

Figure 7-5 The geometry of an analysis of the Depghift utilizing kinetic energy considerations.

If we begin with the origins of the reference feminitially separated by some fixed distance, e
source reference frame moving up the page as ief@ of figure 7-5, we have the case of perpendicuoiotion.
As the figure shows, there will be an increasehm tadial separation distance between the oriditiseoreference
frames related by the Pythagorean theorem to tleeityeof the source and c. If the observer detecphoton with a
given frequency, he can convert it to the frequensfcthe source via a Galilean transformation bytiplying by the
square root of one plus the velocity squared, Wighvelocity expressed as a fraction of ¢, wheietdrm describes
the change in radial distance between the originthe reference frames. Inverting this expresgosduces the
result that the observed frequency is equal tosthece frequency divided by this factor. Thisderitical to the
expression developed in chapter four for the Dapgheft of light which is actually perpendicularigcident on a
moving observer.

Frame C of figure 7-5 illustrates the case of tlighhich will appear perpendicularly incident updret
observer. The only difference between frame B @nd this analysis is that the distance betweerotiggns of the
reference frames is decreasing rather than inergadihus we can use the same expression derive &xcept we
subtract the velocity squared term rather thanraddi This is the result derived in chapter féoir the Doppler
shift of light which appears perpendicularly ingitl@pon an observer.

From this simple energy analysis, consideringrést energy and kinetic energy of the photon aarséye
entities, based on a rest mass equal to one-ralethtivistic value, we have derived the threatrehs for Doppler
shift derived in chapters three and four, and agaithe start of this section. This same analygisiuced a photon
with energy equal to Planck's constant times thguency, in keeping with previously derived resulisiditionally,
we have unified kinetic energy with other formseaergy, such as mass energy, and reduced the nafpleoton
types from an infinite number to only one. We ntuin to one more so-called test of relativity theehe time
required for a light signal to complete a trip whlarings it very close to a large gravitating mass.
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THE TIME DELAY OF LIGHT

Imagine a photon in free fall in a in a solar-tedgrazing path as it passes the sun. We havehseen
photon falling towards the sun will have its freqag red-shifted (toward the blue or higher frequesin this case).
This may be thought of as due to increasing thecéffe mass of the photon, or, conversely, as "himgcup" the
wavelength of the photon, thus increasing the feeqy. Using the results obtained for the grawitadl red-shift in
chapters four and six, we see that the frequencye@ses proportionally to the increase in graviteti potential.
Chapter three illustrated the relation betweeninhi@l velocity of light and the shift in frequepc Combining these
two effects, we can determine the speed at whihdhorter wavelength should be traveling for aegiyphoton.
Since shorter wavelengths are accompanied by slspeeds in a given photon, the speed of the phetibrbe
reduced proportionally to the shift in frequency, aternatively, to the shortening of the wavekbngThus the new
speed of the component initially at ¢ will be reglddy a proportion identical to that for the gratidanal red-shift.
Of course, the photon doesn't actually do anythingeep its speed or its frequency at the corrattevfor its
surroundings. The laws governing the conservatioenergy take care of these effects automaticaltyfact, we
could get by without actually describing a changdréquency or a change in velocity of photon congras, and
simply keep track of the energy equations at ales instead. That is, in fact, what we are agtugding. But we
have seen earlier in this chapter that the obsefrezpiency of a high energy photon is higher thaat bf a low
energy photon, and that the velocity of any givemponent of a photon is proportional to its eneagywell, so
speaking of frequency and velocity is equivalerggeaking of energy. Thus the descriptions | hesezl describing
a photon's efforts at "slowing itself down" andyliig to keep its frequency constant" should notaken literally.
There is no need to assume the photon has anyicoasavareness of its existence or its surroundings

It is straightforward to calculate the effect bétchanging velocity described above on the tréned of a
photon falling towards the sun. Imagine that wegoing to measure the travel time of a light digmaking a round
trip between the earth and mars at superior cotigmc Superior conjunction is when mars is ondpposite side of
the sun from earth, so that this light signal wgukt graze the sun on each passage. We wouldttkgeround trip
travel time to be longer for the slower velocityrgmonent than would be the same trip made at atgloicc. This
is actually the case, as the derivation in Apperdisshows. When the effects of the decrease incitglare
calculated for the entire round trip, we find tHefn experiences a time delay of roughly 125 nsieconds (125 x
10° sec.). This is equivalent to an uncertainty ia tlistance to mars of one-half of this delay time®r 19
kilometers.

The measurement alluded to above has been cawutedrwin Shapiro first calculated the time delafya
solar grazing light ray based on relativity considiens in 1961, but at the time, there was no wayest his
predictions. However, by 1964, radar ranging efdistance to various planets was becoming praetichaccurate,
so Shapiro published his predictionsRhysical Review LettersWhile difficult in practice, the test for such an
effect is in theory, quite simple. The round trigvel time of a light or radar signal travelingtia¢ speed of ¢ can be
used to indicate the distance to a planet by miyitig the time by c and dividing by two. Since it of a planet
can be calculated very accurately, its positiowdd known at all times. Therefore, if we sendignal to a planet
when it is at superior conjunction (on the oppositke of the sun from earth), and calculate itsadise based on the
round trip travel time of the signal, an error e tistance obtained would be attributable to aaghan the velocity
of light. If the light signal slowed down, the pkt would appear to be further away than it acpuall while if the
light signal speeded uphe planet would appear to be closer than we knowvhe.

This test was not actually performed until 196id & was performed by ranging to the planet Meycur
while at superior conjunction. The results weragneement with Shapiro's derivations from Ein&esguations to
within twenty percent. While these results are dyemough to show that there is indeed a time delayore
accurate test is required. In 1969, the samewastperformed using the Mariner 6 and 7 satellildsyse main
mission was to study the planet Mars. The usai@lges and their controlled, directional tranters improved the
accuracy of the measurements greatly. In fact, résults came obtained were in agreement with $biapi
calculations to within three percent.
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Returning to our original example, then, we wolilte to know how closely the relativistic prediatiof
Shapiro agrees with the RCM prediction. The Slapime delay in our first example comes out to 58 2
microseconds, exactly twice that which we calculatbove. How can we account for the additional 125
microseconds? The answer lies again in the gtanta red-shift. Recall that our formula for theavitational red-
shift compares the frequency as measured (gengratexhe point in the gravitational field with tfequency as
measured (received) at another point in the fididthe experiment is carried out over a shortatise, as in the
Pound-Rebka experiment, then the gravitationad fireimains roughly constant throughout the experimén this
case, we can ignore the effects of the gravitatifial on clocks, as all clocks used in the expent are basically
collocated and will be affected to the same degtéeie extend our experiment to cover a much ladistance, say
from one solar radius to the earth, then we mikst the effect of the extreme change in the grawitat field on our
clocks into account.

We demonstrated in chapter four how a clock ctodee sun would run more slowly than one near #réhe
due to the effects of the increased gravitatioo&mtial. If we use this clock to measure freqydocally (say near
the sun), then we would obtain a different valuentive would had we used a clock farther away (sdlyeaearth).
Thus when we speak of the gravitational red-skig, are speaking of the difference in frequeneieameasured
locally using local clocks. Since we are going to usg anl earth-based clock to measure the time delaymust
transpose each "locally" measured frequency inte@uivalent frequency had it been measured usimgearth-
frame clock, the "proper" time of chapter four. ushif a frequency is observed to have one valiegus clock
close to the sun, that frequency would be lowengisiur earth-based clock, since our earth-basetk clins faster
than the local clock near the sun. In a similahfan, what appears as a particular velocity usiagks near the sun
would appear as a slower velocity using clockscated to match those near the earth.

Note that the effect of slowing of "local” clocliees not require that one actually measure a quanich
as velocity with a physical clock. A photon componhtraveling at c, for example, due to its natuneist cover a
specific distance equal to its wavelength in a Bjpetime in its frame of reference, that time bgiequal to one over
the frequency. If this time is measured with lengnits, then ¢ must be slower such that the sdistance is
covered in a given unit of time measured with ttatk. It is obvious (Appendix C) that this effexill be of the
identical magnitude as the velocity shifting effatiove, again directly related to the gravitatiopatential of the
sun. When this effect is integrated over the enpiath of the photon, the result is an additioredbyl of 125
microseconds. Thus the total time delay amount25® microseconds. This equates to an uncertantpe
distance to Mars at superior conjunction of ab@km, or a total round-trip uncertainty on the erde76 km. This
is in complete agreement with the results of Sleépiranging experiments, which have been improyesh umore
recently to provide an accuracy of 0.1%.

Relativity theory accounts for the time-delay tymbining the "length-contraction” and "time-dilatio
effects of the theory. In RCM theory, the firstftaf the effect is due to the equivalence prinejplhich results in
the component of the photon initially travelingcaslowing itself to some lower velocity. The seddralf is due to
the effect which the gravitational red-shift hasmaasurements of velocity in the vicinity of thensas opposed to
great distances from the sun, or the effects afgudbcal” versus "proper" clocks--the slower spesshsured with a
slower clock is twice delayed when its travel timeneasured only against a proper clock sittingjisstary on the
earth.

Having seen how important energy consideratioasadren dealing with gravitational effects, we waidixt
tackle the two remaining great "tests" of the gah#ireory of relativity--the anomalous advanceha perihelion of
Mercury, and the deflection of starlight grazing sun.
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