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The qualitative features of synchrotron radiation may be

easily deduced from simple considerations of the radiation

emitted by changed particles, as observed in a reference frame

instantaneously at rest with respect to the particle. If a

photon is emitted in this frame with frequency co and angle ©

with respect to the direction of motion, it will be observed to

have a frequence of order zY^ £&& KS/S^J at an angle of order

*f~ i&K,(Bl/2?) in a reference frame moving with a reiativistic

contraction factor y . Thus, independent of the details of the

acceleration, the radiation will be pitched into a cone of

angular dimensions of order T . If the particle happens to

have been accelerated by a periodic, we&k force (nonrelativistic

transverse motion in the co-moving frame) then the radiation is

monochromatic in the co-moving frame and therefore monochromatic

(at a fixed observation angle) in this frame. Thus, in this

"undulator" limit, a strict correlation (insofar as the motion is

truly periodic) is observed between the frequency and observation

(polar) angle.

In the case of uniform circular motion (bending magnets) and,

by extension, sequences of circular arcs (wigglers), there is no
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characteristic frequency in the instantaneous rest frame of the

particle. Nevertheless, by the arguments given above, the

synchrotron radiation is still pitched into an angular cone of

dimensions *V . A simple calculation shows that this "flash"

illuminates a point observer for a time of order y"

Thus the characteristic frequency of the observed radiation is of

order T5c/p .

The main point of these arguments is that low frequency,

isotropic electromagnetic radiation is transformed to high

frequency, highly collimated radiation in a rapidly moving

reference frame. This is to be contrasted with the conventional

methods of x-ray generation, i.e. bremsstrahlung and x-ray

fluorescence, where the radiation is isotropic, and is produced

as a minor by-product (0.1%) of electron-atom collisions.

The above considerations apply to the radiation emitted by a

single electron. In practice, the beams in electron storage

rings have a finite transverse (Gaussian) size and angular

(Gaussian) spread, which at modest currents is current-

independent, and which can be calculated from the strengths of

the focussing optics. The figure of merit of such a beam is

defined as the horizontal or vertical emittance, which is simply

the product of the characteristic size with the characteristic

angle at a "waist" or symmetry point in the beam. For a storage

ring lattice that is planar, the vertical emittance can in

principal be much smaller than the horizontal emittance, but in

practice is usually as much as 10% of the horizontal emittance.

For SPEAR the design horizontal emittance is 0.41 mm mrad ; for
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the super-low emittance machines, e.g. ALS, the horizontal

emittance would be about .007 mm - mrad, in the low current

limit.

Knowing the distribution of radiation from a single

particle, and also knowing the distribution of source particles,

one can then determine the so-called spectral brilliance of the

actual radiation, defined as the number of photons, per unit

area, per unit solid angle, per constant fractional bandwidth.

This figure of merit applies to situations where the phase volume

of photons at the sample is required to be smaller than the phase

volume of photons originating at the source. (Liouville's

theorem dictates that phase volumes can be reduced only by

discarding particles). On the other hand, for experiments with

more ample phase volume requirements, other measures are more

appropriate.

The detailed spectral properties of wigglers and undulators

is a subject well beyond the scope of this report. Nevertheless,

the quantities of fundamental physical interest can be summarized

in a rather simple manner. In general, the highest brightnesses

are achieved with undulators, because the radiation is emitted in

a cone of characteristic solid angle dJ2.~ 1/NY ). For experiments

more forgiving in their angular requirements, a wiggler may be

employed, which has a characteristic vertical opening angle of 1/y

and a horizontal opening angle which can be varied almost at

will. The only further constraint is that undulators work best

with a K-parameter of order unity, and that wigglers work best at

frequencies comparable to the critical frequency. By mating
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modern magnet technologies with storage rings with storage ring

apertures of order 10 mm., the two conditions become

E x (eV) = 266Ee
2 (GeV2) (undulator)

E x (eV) = 1200Ee
2 (GeV2) (wiggler)

It should be emphasized that these conditions only specify the

optimum relation between x-ray energy and machine energy, and

that significant departures (factors of 4 in Ex) will still

result in very respectable intensities.

Having optimized the machine energy for the desired x-ray

energy, one can then compute the spectral properties of the

radiation. Defining the spectral brightness as the number of

photons per second emitted into a solid angle dJ2,per unit

constant fractional bandwidth, and defining the flux as the

angle-integrated brightness, we can obtain a very simple

expression for the peak intensities for both wigglers and

undulators. These results are tabulated in Table 1.

From this simple table one can draw two important

conclusions. First, the undulator radiation is always brighter

than the wiggler radiation, by about a factor of 1.8N. Secondly,

the wiggler flux exceeds the undulator flux when Qj?4.4/r, where

is the full geometrical oscillation angle of the electron beam.

For example, experiments accepting a full horizontal opening

angle of 0.37 mrad or greater at a machine energy of 6 GeV would

be best served by a wiggler.

It should be pointed out that the brightnesses tabulated in

table 1 refers to photons generated by a perfectly collimated
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WIGGLER

UNDULATOR

I

BRIGHTNESS*

0.22aNy2(I/e)

(oj = O.84o) )
c

0.39aN2y2(I/e)

(K = 1.2)

FLUX**

0.47aN(Y6 )(I/e)

(w = 0.21wc)

2.06ctN(I/e)

(K = 1.2)

**

Photons/sec/steradian/100%bandwidth

Photons/sec/100%bandwidth

9 = 2K/Y = 0.1868B(kG)Xu(cm)/Y

a = 1/137.04

N = number of periods

Y = Ee/mc
2

e = 1.602xl0~19 coulombs

I = current in amperes

coc= (3/2)Y
3(c/p)

p= minimum radius of curvature (sinusoidal orbit)

Table 1

electron beam. If the angular divergence of the electron beam

exceeds l/(N2V)f then the brightness will simply be

Brightness =
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Research Frontiers

Any effort to forecast research directions made possible by

major improvements in technique is bound to be little more than

an extrapolation of present ideas, and is likely to omit radical

ideas that will owe their origin to the actual availability of

the technique. With this caveat,, I will venture into speculating

upon potential research directions, based upon what seem to me

rather general considerations.

Let me begin by presuming that ttie traditional frontiers of

High Energy Physics, i.e., high energy and high momentum

transfer, are not likely to have analogs in synchrotron radiation

research. In the study of the organization of electrons into

atoms, of atoms into molecules, and molecules into macroscopic

condensed matter, the highest spectroscopic energies are the

inner-shell energies of the heaviest atoms. However, for levels

deeper than, say, 30 keV, the lifetime broadening of states is so

great as to obscure any detailed physical processes taking place.

With regard to momentum transfer, the correlations of matter at

distances smaller than 0.1 A may yield better information

regarding atomic inner-shell electron wave functions, but it is

hard to imagine any fundamentally new insights into the physical

world arising from such studies.

The frontiers of synchrotron radiation research will be

limited, in my belief, by the finesse with which one can measure

the twin quantities of energy and momentum transfer. Excitation

energies of interest range from the natural vibrational

frequencies of molecules, of order 10 meV, to energies

185



rsflecting the arrangement of valence electrons, of order 1 eV.

Momentum transfer resolutions of order 10 A reflect the

correlations of atoms and molecules at distances of order 1

micron, which is an important frontier in the understanding of

critical phenomena in one, two, and three dimensions. The

frontiers in protein crystallography, as another example, lie in

the direction of ever-larger unit cells, where ever-larger

numbers of Bragg intensities? compressed within ever-smaller

absolute reciprocal space, must be measured.

A third general frontier of x-ray research is the domain of

weak physical processes. The scattering of low-Z atoms

(ultimately, hydrogen), the study of 2-d and ultimately 1-d

systems, and the studies of dilute impurities in solids are

generic examples of this list.

A fourth frontier is the limit of physically small spatial

volumes. Practical samples of interesting materials (protein

crystals, single crystal substrates for 2-d experiments, atomic

and molecular beams) are presently smaller than the smallest

achievable focal spot sizes with present sources. The generic

realm of x-ray microscopy of natural and man-made structures will

be advanced in proportion to the increases in spectral brilliance

of x-ray sources.

There are several notable exceptions of these general areas

that are worth mentioning. These include diagnostic radiographic

imaging; high-Z inner-shell atomic spectroscopy; and high-energy,

high-resolution Compton scattering, as examples. These are
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research areas that would benefit enormously from the electron

beams tailored to the more general research areas described

above, even though not optimized for these specific disciplines.
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