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Introduction 

Relativistic electron irradiation of thin solid targes is known to 
generate collimated beams of x-ray photons 1n the forward direction by a 
number of different processes (see Figure 1). 
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Figure 1. Schematic Diagram of Photon Generation 

For electron energies greater than 0.5 MeV the electron velocities are 
relativistic and the corresponding photon beams tend to have peak intensity 
within a forward-directed core with half-angle 1/Y (where y = E (MeV)/.511 1s 
the relativistic energy paraRieter), and to have significant spectral content 
in the 100 eV to 10 keV photon energy range. A partial 11st of these photon 
generation processes is shown in Table I. 
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Table I: Photon Generation Mechanisms 

Mechanism Type of Interaction 

Transition radiation Planar dielectric boundary 
Cerenkov radiation Photon shock wave 

(Particle velocity > photon velocity) 
Smith-Purcell effect Scattering from grating surface 
Channeling radiation Crystal potential 
Synchrotron Radiation Bending in magnetic field 

Table I includes a wide variety of mechanisms that share common 
characteristics in the angular and spectral distributions of the generated 
photon beams. 

In the notes below I would like to offer some simple physical 
explanations for the characteristics which are shared by these processes. 
This discussion will be followed by some examples based on experimental 
results attained during the last eighteen months at the LLNL electron-position 
accelerator. 

Virtual Photons 

Many of the basic characteristics of relativistically generated photon 
beams can be understood in terms of the Coulomb fields of the incident 
particles. Consider Figure 2. 

Here, the Coulomb field of an electron at rest is radial, isotropic, and 
has an amplitude which varies with 1/r^. For an electron in motion, the 
fields tend to compress In the transverse direction as the velocity increases; 
so that the fields are no longer isotropic, but retain their radial and 
"inverse square" characteristics. Finally, as the particle velocity 
approaches c, the speed of light, the fields become more and more photonic; 
that is, become completely transverse. 
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Figure 2. Relativistic Electron Coulomb Fields 

From a slightly different perspective, a relativistic electron can also 
be considered to be a "pig pen" type of character that is accompanied by a 
diffuse, ever present "virtual" photon cloud, as in Figure 2. 
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Figure 3. Relativistic Electric Field Measured by Observer 

In order to be more specific, consider Figure 3 where an observer with 
impact parameter "b" measures the time-dependent transverse electric f ie ld of 
a passing electron. With a perfect detector, the observer would measure pulse 
with width At given by: 

At where: 
Y v b = impact parameter 

Y = E (MeV)/.511 
v = electron speed 

(1) 

And, the observer w i l l measure a pulse with large frequency contributions, u, 
in the neighborhood: 

2 A t 
(2) 
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In order to pursue the study of these fields, Figure 4 shows the electric 
field distribution in a plane perpendicular to the particle velocity. 
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Figure 4. Electric Field Distribution in a Plane 

A ring in the plane with radius b about the particle trajectory will 
experience an electric pulse with a width At given by Equation 1. In fact, 
the entire disc of the plane with radius b can be considered to be coherently 
illuminated by a pulse with strong frequency components in the neighborhood 
given py Equation 2. Classical optics has established that a disc with 
diameter D, illuminated by radiation with wavelength X will radiate at the 
same wavelength into a beam with diverging half-angle given by: 
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A8 
X 

D (3) 

In the present case, using Equation 2 to find the wavelength of Interest, we 
obtain: 

A9 
C 

Dv 
c2At cb 1 

BY 
where 3 

2b byv 
For relativistic velocities, B 1 and we find 

v/c (4) 

A8 « — 
Y 

(5) 
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Figure 5. Radiated Beam Divergence 

Thus, the beam is re-radiated with a divergence angle of L/y, regardless of 
the frequency of interest (Figure 5). For example, longer wavelengths are 
radiated by larger-radius areas and retain a similar divergence. This result 
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can also be obtained by a more rigorous Fourier analysis of the particle's 
electric f ie ld distribution. Thus, 1f the photon generation processes 
mentioned in Table I can be considered as mechanisms for perturbing the 
virtual photon f ie ld of a re lat iv ist ic part icle, then Equation 5 suggests that 
these processes wi l l tend to "release" photons into forward-directed cones 
with ha If-angle 1/y. 

The intensity of the virtual photon f ie ld can be estimated with a more 
formal Fourier analysis of the time-dependent f ie ld in Figure 3. Here, 

E l(„) = 1 f E (t) e 1dk dt = / 6 V~V f—] 
2TT ^ \ 4 w 2 e 0 b v / \ Y v/ I Y V J 

\4*2 e o bv / \ YV / L YV J 

(6) 

where e0' = dielectric constant. Following Panofsky A P h i l l i p s 1 , the total 
energy contained in the f ie ld is then given by: 

e w 
0 C .*• 

U = 2 - f|E 1 d3r = 4ire 

0 C .* y v 

umi 
f JEU)) da 2irb db ( 7 ) 

n J o 

The spectral energy density U 
dU 

ddl 
can be identified from (7) as: 

* \ 4ne0v / [ a, b m 1 n _ 
(8) 

1. W.K.H. Panofsky and M.N. Phillips, Classical Electricity and 
Magnetism, (Addison. Wesley, Cambridge, Mass. 1962), p. 350. 
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Finally, U w can be converted to photon density N(w): 

Uw 2a / l \ 
N(W) = — = — *( - Jln(TA) , (9) 

Tim IT \ o)/ 

where 1/137 is the fine structure constant and A is a constant of the order 
of one. Equation (6), (8), and (9) show characteristics which frequently 
appear in the analysis of photon generation by relativ1st1c electrons. In 
particular, Equation (8) has J broad energy spectrum which is Independent of 
frequency and only weakly dependent on the particle energy. In Equation (9) 
the photon density has a constant prefactor of about 1/200 and explains the 
relatively low photon densities encountered with comparatively high electron 
energies. 

Relatlvistic Kinematics 

One further topic must be considered before photon generation can be 
discussed. Figure 6 illustrates the relativistic compression of photon 
wavelengths in these systems. 

In part (A), the photon 1s shown Incident on a physical system with 
characteristic period lj. However, in the electron rest frame, the 
characteristic period is Lorentz contracted to lj/y as shown in (B). In its 
own rest frame the electron will preferentially radiate frequencies with 1 = 
IJ/Y. However, back in the lab frame (c), the radiated photons will be 
further Doppler shifted by the factor " l/2y. Thus, the final radiated photon 
wavelength becomes 

h 
x = 

This result represents a dramatic relatlvistic compression of photon 
wavelengths generated by periodic structures. Some examples of this effect 
are given in Table II. 
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Figure 6. Relatfvlstlc Wavelength Compression 
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Table II. 

Relativistic Wavelength Compression: Examples 

Process 

Backward Wave Oscillator 1.5 cm 1mm (30 Ghz) 

Smith-Purcell Effect .003 cm 6000 A(visible) 

Transition Radiaton 
o X-ray Source 40 1 0 - 4 cm 3A (4 keV x-ray) 
o Optical Beam Diagnostic 125 2.5 cm 8300 A (infrared) 
o High Y Particle Detector 2-10 4 0.15 cm 2.10"2A (600 keV y ray) 

Synchrotron Radiation 
o Wiggler 10 70cm 3mm(100 Ghz) 
o Undulator 2.5'103 15cm 12A(1 keV x-ray) 

These examples show that electrons with various relativisitc energies 
propagating through a periodic structure can generate photons with energies 
from the microwave to Y-ray spectral regions. For high y's, macroscopic 
structures will produce coherent beams with microscopic wavelengths. The 
relativisitic and periodic structures do not generate the photons, but rather 
provide a method to exploit a wide variety of basic photon generation 
processes. 

This effect does not generate any photons, but given a generation technique, 
this process can be used to extend the photon wavelengths to regions which 
would not ordinarily be accessible. 
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Photon Generation 

In order for photons to be generated, it is necessary for a small portion 
of the electron kinetic energy to be "converted" to a photon which can 
propagate away from the electron position. For the processes listed in Table 
I, conversion of electron kiltie energy occurs over a finite distance called 
the "formation" length or "coherence" length. During its passage through a 
formation length, the relationship between the electron position and the phase 
of photons in the virtual photon packet may undergo a shift on the order of 
one radian. This relative phase shift results in the deposition of electron 
kinetic energy into a photon of an appropriate frequency. (In a fashion 
similar to lower frequency travelling wave amplifiers). Because there is a 
wide range of relative phase shifts which can extract energy from the 
electron, there 1s no ideal definition of "formation" length. As a result, 
different authors may use different techniques and criteria to attain equally 
useful, but different forms for the formation length. 

For example, with transition radiation, the relative phase shift occurs 
as an electron crosses the boundary between two different media. Here, the 
formation length can be defined as the minimum amount of material required for 
significant photon generation. But this quantity will vary depending on the 
magnitude of the change in dielectric constant across the boundary, and the 
formation length for a given material can depend on the second medium 1n the 
system. Further confusion can occur from Interference effects if the material 
thicknesses are comparable to the formation lengths. 

Fortunately, this confusion affects only our ability to design these 
photon sources, and not the fundamental efficiencies of the processes. The 
principles outlined above can be used to enhance specific properties of these 
sources for different practical applications. In particular, relativistic 
compression of spatially periodic systems allows design of periodic 
microstructures with periods on the order of one to 100 un to resonantly 
generate photons with wavelengths from one to 10* A, depending on the electron 
energy of interest. And further, the Incorporation of crystallne, atomic and 
nuclear resonances into the medium allows an additional degree of freedom for 
resonant photon generation. 
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Cerenkov Effect 

For example, the Cerenkov effect is well known for optical photon 
emission by reTativistic eTectrons whose velocities exceed the photon speed 
c/n (where n = e(w), the index of refraction) in the medium through which the 
electrons are passing. In this case, the electron kinetic energy is deposited 
into Cerenkov photons as they propagate away from the electron trajectory. 
2ut for x-ray frequencies, n is generally less than one; thus the photon phase 
velocity is greater.than c, and Cerenkov emission does not occur. However, in 
some cases with photon energies near resonant x-ray absorption lines, n may 
slightly exceed 1, and Cerenkov emission becomes possible. This can occur for 
both atomic leve1, absorption (carbon k-edge at 284 eV, for example) or for 
some narrower nuclear absorption lines (Fe^* 14.3 keV line being one possible 
example). Photon generation by these systems has been suggested by previous 
authors and some basic experiments have been attempted. But a careful study 
of this type of source has never been reported. 

A Cerenkov x-ray source is an attractive possibility because high photon 
intensities are feasible. The photon intensity is inversely proportional to 
the formation length, which can be sub-micron distances for the Cerenkov 
effect. And since roughly one photon is generated per formation length, it is 
possible that photon generation rates can be large with respect to most of the 
other processes listed in Table I. 

Transition Radiation 

Transition radiation is generated when an energetic electron crosses the 
boundary between two different dielectric media.* For a single material 
interface, transition radiation spans a broad spectrum with energy density 
that is independent of frequency. The radiation is generated in both forward 
and backward directions; but for relativistic electron energies most of the 
radiation is in a narrow forward-directed cone. 

2. For an introductory list of reference on Transition Radiation see 
P.J. Ebert, Phys. Rev. Lett., 54, p. 834, March 4, 1985. 
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Past measurements of transition optical and x-ray photons have 
demonstrated many of the principles outlined above. For nonrelativlstic 
particle velocities and optical frequencies, transition radiation has been 
demonstrated as a bright photon source. The photon energy spectra of these 
sources have been shown to clearly reflect dielectric resonances In the media 
of interest. More recently, Paul Griffin at ORNL has developed a combined 
single surface transition radiation and bremstrahlung source with 4 keV 
electrons for use as an absolute photon source in the uv spectral region. 

Finally, a recent series of transition x-ray measurements at the LLNL 
electron-position linear accelerator has clearly demonstrated the spatial 
coherence of photons generated by periodic arrays of surfaces. Coherence in 
this context refers to the fact that photon generation in a multisurface 
system occurs when the surfaces are all driven by the same source (an electron 
in this case). 

These experiments demonstrated that each photon generated by a single 
thin foil was spatially coherent with respect to both of the foil surfaces. 
Figure 7 shows how this effect was demonstrated by the angular distribution of 
transition x-rays from a stack of single ?oils. 
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The spatial coherence doubles the peak Intensity and narrows the angular 
distribution, compared to the distribution that results from an Incoherent sum 
from two surfaces. 

Preliminary results from a subsequent experiment have also demonstrated 
that photons generated by a stack of four closely-spaced 0.6 m-thick 
polypropylene foils were spatially coherent with respect to the entire 
structure. Figure 8 shows a plot of the angular distribution expected from 
single foils and the experimentally measured distribution. 

E+022 
MMIC (UIUIITMIANS) 

Figure 8. Spatially Coherent Transition Radiation 

The experimental data displays a strong "fringing" behavior that results 
from inter-foil Interference. In this case, 50A photons are interfering 
throughout a structure with 125JJII periodicity and a total length of about 
4 0 0 M. 

Several different approaches are being pursued in order to exploit the 
coherent properties of these sources. As long as the systems incorporate no 



Page 15 

stimulated effects, coherence cannot increase the total source emission, but 
coherence can be used to provide better definition and higher peak Intensities 
of the photon emissions. For transition radiation, this definition takes the 
form of a well-defined energy vs. angle dispersion of the emitted photon 
beam. For a source with N surface pairs, the x-ray energy at a given angle 
can be monochromatic with bandwidth U w / w ) ^ 1/N. In addition, the peak 
spectral Intensity increases as N 2. The processes listed in Table I are 
vulnerable to exploitation by these techniques, and may lead to the 
development of useful and unique photon sources of pu and x-ray photons in the 
relatively near future. 
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