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Abstract

A new technique of measuring the energy spectrum of a charged
particle beam using optical transition radiation is presented in
this paper. The charged particle beam energy spectrum can be
studied by analyzing the optical spectrum of the optical transi-
tion radiation produced in a multi-foil configuration. This type
of energy spectrometer can have a very large energy acceptance
which can not be matched by a simple conventional magnetic
dipole spectrometer. The theory of transition radiation from a
single boundary and from a foil with finite thickness are re-
viewed. Multi-foil transition radiation theory and its applica-
tion for charged particle beam energy spectrum measurement
are presented. The practical issues which might affect the per-
formance of a multi-foil transition radiation energy spectrometer
are discussed.

I. INTRODUCTION

A new charged particle beam energy spectrometer using tran-
sition radiation is presented in this paper. The spectrometer mea-
sures the electron beam energy spectrum by observing the in-
terference effect of a multi-foil transition radiator. The energy
acceptance of such a spectrometer can be extremely large.

We will review the basic physics for optical transition radi-
ation from a single foil and a large number of parallel foils.
With proper arrangement of the foil thickness and foil spacing,a
strong interference can occur between radiation from different
foils. The consequence will be the appearance of sharp interfer-
ence peaks both in angular and spectral distributions. The an-
gular and spectral locations of the these peaks critically depend
on the energy and the incoming angle of the radiating particle.
The angular spread and spectral width of the OTR reflect the
energy and angular distribution of the charged particle beams.
This property of the OTR can be used for charge particle beam
energy spectrum measurement.

Finally, the major factors that may affect the performance of
the energy spectrometer discussed.

II. SINGLE-FOIL AND MULTI-FOIL
TRANSITION RADIATION

A relativistic particle of chargee traveling in vacuum is en-
tering foils with index of refraction�, as shown in figure 1. To
simplify our discussion and illustrate the interesting physics, we
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make the followingassumptions. We assume thatj��1j � 
�2.

The foils considered are produced so thin that the absorption of
radiation in the foil can be ignored. Finally, we assume the par-
ticle is so energetic that the change in the particle trajectory due
to Coulomb scattering is negligible.

When the particle crosses interface 1, transition radiation will
be produced in both forward and backward direction. We are
only interested in the forward radiation. For� � 1, the intensity
is given by, [1]

d
2
I1

d!d

=

e
2

�2c

�
2

(�2 + �2)2
(1)

where� is the angle between the direction the particle velocity
and the observation direction, is the Lorentz factor.

After the particle has passed through the foil and crosses the
interface 2, it will again produce transition radiation in the for-
ward direction. The magnitude of the radiation is the same as
that produced at interface 1, but is180� out of phase, The com-
bined intensity is then,
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whereL12 is the thickness of the foil.
As the particle continues to travel through the foils. The total

forward radiation is just the sum of the forward radiation from
each foil,
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whereN is the number of foils and�13 is the phase delay of
the radiation from interface 3 relative to that from interface 1, is
given by
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Figure 1. A charged particle travels through parallel foils.



Table I

Particles energy and spectrometer geometry

 94,96,98,100,102
104,106,108,110,112

N 100

�0 0.01 rad
� 1.5
L12 100 nm
L23 10 mm
Ke 2

Figure 2. OTR spectrum for 10 particles with different energy

The total intensity per unit frequency per unit solid angle can be
written as, In analogy to an optical grating, if the conditions

�13 = 2Ke�; Ke = integer (5)

N � 1 (6)

are satisfied, sharp interference peaks will appear in the angu-
lar distribution for a particular wavelength of radiation and in
the radiation spectrum for a particular observation angle. The
spectral or angular location of these peaks can be used to deter-
mine the energy and incident angle of the radiating particle. We
will concentrate on using the spectrum to determine the particle
energy at a fixed observation angle.

As an example the transition radiation spectrum produced by
10 particles with the parameters given in Table 1 is plotted in
Fig.2.

Normalization taking into account of the dependence of in-
tensity on energy and the nonlinear relationship between wave-
length and energy has to perform in order to recover the energy
spectrum. The recovered energy spectrum is given in Fig.3.

The finite width of the peaks due to the finite number of foils
will contribute to the uncertainty in energy. The uncertainty in
energy determination due to the finite width of the peak is in-
versely proportional to the number of foils, and given by,
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In order to achieve good resolution in the energy determina-
tion, large number of foils are used. It is difficult for the ra-

Figure 3. Normalized particle energy spectrum.

diation from the front and end foils to interfere if a large ob-
servation angle is used. This makes it necessary to observe the
radiation at a smaller angle, even at a zero degree observation
angle. For a perfect parallel charged particle beam, no radiation
would be observed at this angle. However, the divergence of
the beam and scattering of the particles in the foils will cause
radiation in this direction.

The energy acceptance of a TRG energy spectrometer is quite
large. In the case of a zero degree observation angle, if very
thin foils are used, an energy acceptance of ! 1:4, which is
about�20%, would be achievable. If relative thicker foils are
used, acceptance of ! 2,which is about�50%, or higher
should be achieved.

III. PRACTICAL ISSUES CONCERNING A TRG
SPECTROMETER

There are many factors that may affect the performance of
TRG spectrometer. We will discuss some of them in this section.

In order to maintain the desired energy resolution, the spread
of interference peak due to the spread in observation angle
should be smaller than the uncertainty in energy measurement.
For observation angle�� other than zero degree, we must have
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wheree is the Lorentz factor of the particle under measure-
ment, �x0 is the rms beam divergence projected in the plane
of observation. For the geometry in the example,�x0 must be
smaller than 100�rad for1% energy measurement resolution.

In order to relax the tolerance of the measurement due to
beam divergence, one can use a small observation angle. When
�� = 0o:, the spread in energy measurement due to finite beam
divergence is given by the curve,
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The curve has its maximum atu = 1. Therefore there will be
a systematic shift of� = 

3

e�
2

x0 in the energy spectrum mea-
surement, which has to be corrected in the calibration. Notice



that the signal is zero when�x0 is zero. 9 has a width of about
�u � 1, so the divergence of the beam must satisfy,
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Note the square root dependence on the desired energy resolu-
tion. For the geometry given in the example, ifKe = 1 is used,
the upper limit of�x0 is about 1 mrad for1% resolution.

The total rms scattering angle of the particle in the foils and
the rms angular alignment error of the foils should also satisfy
Eq. 8 or Eq. 11. In the case of estimating scattering, special
care has to be taken when designing a TRG spectrometer for an
electron beam. Because the foils will be used in a TRG spec-
trometer are very thin, the Highland form of the emperical for-
mula for multiple scattering tends to overestimate the scattering
effect. Using the formula given by Lynch and Danl [2], we esti-
mate the rms scattering angle for a 50 MeV electron beam passes
through 100 pieces of100-nm-thick Carbon foils is about 1.13
mrad, which is comparable to the requirement for achieving 1%
resolution.

When application of TRG spectrometer for heavy particle
beams, like proton beams, the scattering is about three order of
magnitudes smaller than electron beams with the same factor.
So in these cases, scattering can be ignored.

The foil thickness and spacing tolerance is given by,
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For the geometry given in the example, we must have,

�L23 < 100�m (14)
�L12
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< 10% (15)

IV. CONCLUSION
We have discussed the basic operational principle for a TRG

spectrometer. By proper selection of foil thickness and spac-
ing, energy acceptance on the order of 50 percent or larger with
resonable resolution can easily be achieved. We have also con-
sidered major factors may affect the performance of the energy
spectrometer.
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