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Transition X Rays from Metlium-Energy Electrons
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Recent experiments exploring the use of transition radiation as an intense source of tunable,
coherent x rays included a measurement of the energy spectra and angular distribution of transition
radiation in the soft-x-ray energy range. The radiation was produced when 25-MeV electrons
penetrated a stack of eighteen 1-p, m-thick beryllium foils. The most striking result is the demon-
stration of coherence of the photons emitted at the two surfaces of a single foil.

PACS numbers: 41.70.+t

We measured the energy spectra and angular distri-
bution of transition radiation (TR) produced by 25-
MeV electrons traversing a stack of eighteen I-p, m-
thick beryllium foils. The emission of TR is a funda-
mental electromagnetic process in which photons are
emitted when an energetic electron (or other charged
particle) crosses the boundary between two media hav-
ing different dielectric constants. ' For medium-
energy electrons (10 to 100 MeV), the emitted TR lies
in the soft-x-ray energy range. This conveniently
available photon-energy range of a few hundred elec-
tronvolts to several kiloelectronvolts and the
quasicoherent nature of this radiation make it an at-
tractive photon source for potential applications in x-
ray lithography, microscopy, and holography.

Nearly all of the previous work on TR has been
done with ultrarelativistic particles (in the gigaelec-
tronvolt energy range) and was directed at the use of
TR for particle diagnostics. This Letter reports the
main results of a series of experiments directed toward
the development and design of a practical x-ray
source. 5

Figure 1 shows the experimental arrangement. The
Lawrence Liverm ore National Laboratory electron-
positron linear accelerator supplied a beam of electrons
at a pulse rate of 1440 s '. After passing through the
foil stack, the beam was deflected by a sweeping mag-
net into a dump hole through a paddle-shaped scintilla-
tion detector that monitored the electron current.

Radiation spectra were measured with a gas-flow
proportional counter. We determined background
contributions to the spectra by inserting a 0.127-mm-
thick aluminum foil between the foil stack and the
detector to block the low-energy photons and repeating
the measurement. The photon angular distribution

was measured by moving the detector, which was col-
limated to a 3-mmx 10-mm aperture, across the beam
profile. All data were recorded with a multichannel
analyzer. In order to minimize spectral distortion, the
average number of counts per electron-beam burst was
kept below 0.1. This dictated the use of beam currents
considerably smaller than 1 nA. At this low level, the
absolute beam-current calibration was +20'/o. During
any given run, however, beam-current pulses were
reproducible to within + 5%.

Figure 2 shows the measured TR spectrum emitted
at an angle of 0.015 mrad with respect to the electron-
beam direction. This figure also shows the theoretical-
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FIG. 1. Experimental apparatus for measuring photon
spectra and angular distributions from various stacks of
foils. The electrons enter from the right, pass through the
foil stack, and are dumped into a deep hole in the floor. The
photons travel 14S cm from the stack to a translatable gas-
proportional detector. To measure the background in the
room, a 0.127-mm-thick aluminum foil is inserted to block
soft x rays.
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FIG. 2. Comparison of the measured and calculated TR
spectra at 15 mrad for 25-MeV electrons incident on a stack
of eighteen 1-p, m-thick beryllium foils. The calculation
(solid curve) includes the spectral dependence of the detec-
tor efficiency but ignores unobservable interference between
foils in the stack.

Ft = (n(0 sin20/16m2c') (Zt —Z, )2, (2)

where n = 1/137 is the fine-structure constant and Zt
and Z2 are "formation lengths" in vacuum and in
beryllium, respectively. The Z; are given by

(3)

where y is the ratio of the electron energy to its rest
mass, p is u/c, 0 is the scattering angle, and c0, is the
relevant plasma frequency when the dielectric constant
of the medium is approximated by e, = 1 —(cu,/cu) 2.

The second factor F2 accounts for the coherent su-
perposition of radiation from the two surfaces of a sin-
gle foil. If the incoherent effects of electron collisions
within the foil and the photon attenuation through the
foil are ignored, F2 assumes the familiar two-source

ly calculated spectrum for these conditions. This cal-
culation includes the effect of the theoretical spectral
dependence of the proportional-counter efficiency.
Figure 3 compares the measured angular distribution
with theoretical calculations of the expected distribu-
tion. It is apparent from the 0-deg minimum that
bremsstrahlung and other background contributions
were small.

The differential cross section for TR production per
frequency interval per solid angle is given by an ex-
pression of the form3

d N(cu)/deed 0 = FtF2F3,

where N(co) is the TR photon number and c0 is the
photon radial frequency. The first factor F, is the con-
tribution from a single vacuum-beryllium interface and
is given by'
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FIG. 3. Comparison of the TR angular distribution for 1-
p, m-thick beryllium foils calculated with [see Eq. (4)] and
without the effects of coherent interference between the two
surfaces of each foil. The measured intensity and angular
distribution clearly demonstrate interference between the
two foil surfaces.

interference pattern3

F2= 4sin2(l2/Z2), (4)

where l2 is the thickness of the beryllium foil. The
factor-of-4 increase in peak intensity is the most strik-
ing manifestation of the two-surface constructive in-
terference.

The third factor F3 describes the summation of con-
tributions from each foil in the stack. Again, there is a
superposition of M (the number of foils) coherent
sources. In its simplest form,

F3 = sin2MX/sin2X,

where X= (lt/Zt)+ (l2/Zq), and lt is the interfoil
spacing. If the cumulative photon attenuation through
the successive foils is included, then F3 takes the
form6

1+exp( —Ma. ) —2 exp( ——,
' Ma )cos(2MX)

F3=
1+exp( —o-) —2 exp( ——,

' o-)cos(2X)

(6)
where o. = p, ~ l~+ p, 2l2 and p, ; are the x-ray absorption
coefficients. Finally, if the distances lt or l2 are not
exact or if the angular and spectral structure associated
with Eq. (6) cannot be resolved by the experiment,
then Eq. (6) must be averaged over I This yields

which is the appropriate form for comparison with our
results.
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Integration over energy and angle of the data in
Figs. 2 and 3 yields a net production efficiency of
about 10 2 photons per incident electron. The peak
intensity varies rapidly with electron energy. For
medium-energy electrons, the integrated intensity is
roughly proportional to the electron energy. " This en-
ergy dependence suggests that TR originates from the
virtual-photon spectrum of the incident electrons and
lends intuitive physical insight into the nature of the
TR process. This conclusion also can be reached by
comparison of the calculational techniques used to
determine virtual-photon and TR densities.

The absolute intensity in Fig. 3 suggests that we
have observed single-foil coherence of the emitted
photons because of the excellent agreement with the
theoretical expression that includes the interference
term [the factor of 4 in Eq. (4)]. Without this contri-
bution, the peak intensity would be reduced to one-
half of this value. The single-foil photon coherence
also is demonstrated by the angular dependence of the
measured intensities. The results of theoretical calcu-
lations with and without the single-foil interference
term are compared with the data of Fig. 3. Indepen-
dent of the accuracy of the absolute intensity of the
measured data, the relative intensities are accurate to
about 5%. For angles greater than 0.005 rad, the form
of the intensity distribution that assumes coherence of
the scattered photons closely matches the experimen-
tal data whereas the measured angular distribution is
clearly narrower than the single-interface form. For
angles near zero, the nonzero solid angle subtended by
the detector precludes such a comparison.

If we assume that the photons are coherent, the an-
gular and spectral distribution of TR from a foil stack
is analogous to the angular-transmission characteristics
of an optical Fabry-Perot interferometer. a In the
present case, we see from Eq. (6) that the 5-mm inter-
foil separation implies submilliradian angular structure
in the emission intensity, as is shown in Fig. 4(a).
Since our detector resolution was about 2 mrad, these
effects were not observable. But if the interfoil separa-
tion were reduced to about 2 p, m, then the emission
intensity would be characterized by angular structure
on a scale of the order of 20 mrad, as is shown in Fig.
4(b). Both distributions have the same integrated in-
tensity, but only that from the stack with 2-p, m foil
separation has resolvable angular structure. The peak
intensity of the structure is proportional to M2 while
the angular width is proportional to 1/M In many
cases, the stack parameters can be chosen so that most
of the TR is emitted into one particular angular peak.
A TR source of this type would have an integrated in-

tensity proportional to M and spectral and angular
widths proportional to 1/M

Two phenomena limit the exploitation of this pro-
cess. First, absorption of the TR effectively limits the
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FIG. 4. Comparison of calculated photon angular distri-
butions from two beryllium foil stacks. (a) Angular distri-
bution for a stack of eighteen 1-p,m-thick beryllium foils
separated by 5 mm of vacuum. The smooth curve gives the
angular averaged intensity calculated from Eq. (7); it was
evaluated for 1-keV photons and is identical to the curve la-
beled "coherent sum" in Fig. 3. (b) Effect of reducing the
vacuum spacing to 2 p, m; one peak at 15 mrad becomes
dominant as a result of resonant contributions from Eq. (6).

number of foils that can be used by constraining the
total thickness of the stack foils to a value comparable
with the absorption mean free path of the foil material.
Second, the cumulative effect of electron multiple
scattering gradually suppresses coherence between the
electrons and the emitted TR. This latter effect, how-
ever, is difficult to calculate and is best determined
through comparative measurement of angular distribu-
tions from a series of stacks having different numbers
of foils.

These results demonstrate that both the energy
spectra and the angular distribution of TR are
described correctly by classical electromagnetic theory.
However, further study of TR coherence and intensity
is needed for optimum design of such sources. The
relationships between inelastic scattering of the in-
cident electrons and the absolute radiation intensity
and coherence of TR are straightforward to measure
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and directly affect TR practicality.
The most striking result of the present measure-

ments is the demonstration of coherence of the TR
emitted at the two surfaces of a foil. If this coherent
behavior can be extended to an entire stack of foils,
then the peak intensity of the TR would become an or-
der of magnitude greater, and the potential applica-
tions mentioned above would become even more at-
tractive. This is because the TR emission of a stack of
foils is strongly reminiscent of the transmission
characteristics of an optical Fabry-Perot resonator, and
the spectral and angular definition of a Fabry-Perot
resonator suggests direct analogs with the emission
behavior of TR coherent-foil stacks.
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