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Abstract

The characteristic dependence of the intensity of transition radiation (TR) on the Lorentz factor g ¼ E=mc2 of a

primary particle is key to a number of practical applications. In particular, one may use TR detectors for energy

measurements of heavy cosmic-ray nuclei in a region where alternate techniques are difficult to apply. However, a

serious constraint can be the saturation of the TR yield at high g-values. We investigate how the onset of saturation can

be pushed to as high a Lorentz factor as possible. We then describe the results of test measurements at CERN, which

demonstrate the possibility of practical configurations for measurements over the Lorentz factor range of a few hundred

to about 105:
r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Transition radiation (TR) [1] is one of the less
familiar electromagnetic radiation processes, as its
intensity is usually small and it is easily observable
only if the generating particles are highly relati-
vistic. However, the characteristic dependence of
TR on the Lorentz factor, g ¼ E=mc2; of a particle
lends itself to a number of interesting applications.
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TR may be emitted when a charged particle
traverses the interface between two different
dielectrics. For highly relativistic particles, the
photons appear in the X-ray region. However,
for particles with unit charge, the probability
of emitting a photon is small, of the order aE 1

137

per interface. In order to enhance the intensity,
practical instruments use ‘‘radiators’’ of inhomo-
geneous materials providing hundreds of inter-
faces.

Practical TR detectors (TRDs) often consist of
sandwich combinations of several radiators and
detectors. Typically, the detectors are gaseous
d.
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devices containing xenon for optimum X-ray
absorption. The TR photons are emitted at a very
small angle yB1=g with respect to the direction
of the particle trajectory. Therefore, the detector
will generate a signal due to TR X-rays which
is superimposed on the signal due to the ionization
energy loss of the particle, unless special measures
are taken, such as magnetically deflecting the
particle from the detector. A review of a variety of
configurations used can be found in Ref. [2].

There are two typical applications of TRDs.
First, one may use a TRD as a threshold device to
provide discrimination between particles of some
given energy or momentum but with different
rest masses, and therefore different Lorentz
factors. For instance, one may accomplish dis-
crimination between protons and electrons, pions
and electrons, or pions and protons, etc., simply
by investigating whether the particle is accompa-
nied by TR photons or not. This application is
employed not only in experiments at accelerators,
but also in several cosmic-ray detectors. For
threshold TRDs, it is desirable that the transition
from no TR signal to saturated TR signal occurs
over a relatively small range of Lorentz factor. The
threshold value of g may be varied by appro-
priately choosing the parameters of radiators and
detectors; Lorentz factor thresholds from several
hundred to several thousand are possible.

The second application of TRDs is more
demanding: here, one seeks to measure the
radiation intensity in order to obtain an estimate
of g; i.e., of the particle’s energy, when the mass
is known. It is very difficult to perform such a
measurement for singly-charged particles on an
event-by-event basis, because of the large statis-
tical fluctuations in both the ionization loss signal
and the superimposed TR signal. However, this
situation becomes qualitatively different when the
primary particle is a nucleus with an electric
charge Z > 1: Since both the ionization signal
and the TR intensity scale with Z2; the relative
magnitude of fluctuations decreases with 1=Z; and
the measurement precision improves significantly
with increasing Z. For example, consider a proton
(or pion, or electron) with gB1000 that produces,
on average, one single detectable photon with an
average energy of 10 keV: Obviously, the signals
from this particle will undergo large Poisson
fluctuations, with no TR signal being observed
at all for 37% of the events. On the other hand,
if the particle is an iron nucleus (Z ¼ 26), again
at gB1000; one would detect, on average, 676
photons, each at 10 keV: The distribution of X-ray
signals would then become a rather narrow
Gaussian with a width of a few percent, around
an average of 6:76 MeV:

Highly relativistic, high-Z particles are rarely
encountered in accelerator experiments, but they
are, of course, found in the galactic cosmic rays.
Hence, TRDs have become attractive devices for
measurements of the energy of cosmic-ray nuclei.
Contrary to the threshold TRD case, in this
application one wishes to obtain a g-dependent
signal over a large range of Lorentz factors, i.e.,
one desires a gradual transition from zero TR
signal to a saturated TR signal [3]. Obtaining such
a large dynamic range in g-values requires that the
parameters of the TRD be carefully ‘‘tuned’’. In
the past, energy measurements with TRDs have
been restricted to below gB104: However, a key
problem in cosmic ray astrophysics is the under-
standing of the cosmic ray composition in the
region of the spectral ‘‘knee’’ around 1015 eV per
particle [4]. If TRDs are to be used for measure-
ments in this region, their response should not
saturate until Lorentz factors of gB105 are
reached. In the following, we discuss the design
of practical TRDs for energy measurements over
the entire range gB500–105:
2. Basic properties of TR

A description of the properties and theory of
TR is available in several detailed publications
[5–9]. For the purpose of this paper, we will
simply review and discuss some of the relevant
results.

2.1. Frequency spectrum

When a particle of charge Z and Lorentz
factor g traverses a single boundary between
two media of differing dielectric constant, the
differential energy spectrum of TR in the X-ray
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Fig. 1. Differential TR yield (dW=do) versus Lorentz factor

for several configurations. Shown are the single-interface

(smooth line) and approximate multi-foil (oscillating line)

energy spectra, as well as the multi-foil spectrum modified by

self-absorption processes in the foil (dashed line). The dotted

line shows the yield which would be captured in a single 1 cm

thick layer of xenon. The characteristic peak emission energy

opeak is also indicated. All spectra are normalized to a single-

interface yield. The relevant parameters are g ¼ 2 	 104; l1 ¼
35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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region is

d2W0

do dy
¼

2a_y3Z2

p

1

g�2 þ y2 þ x2
1

�
1

g�2 þ y2 þ x2
2

�����
�����
2

ð1Þ

where y is the emission angle of the photons with
respect to the particle trajectory, o the frequency
of the emitted radiation, a the fine structure
constant, and xi � oi=o the ratio of a material’s
plasma frequency to the emitted photon fre-
quency, such that the dielectric constant eiE1 �
x2

i : This expression is valid in the relativistic (gb1),
small-angle (y51), high-frequency (oboi) limit.

The emission of the photons is sharply peaked in
the forward direction, near yB1=g: Integrating
Eq. (1) over angles and frequencies gives the total
radiation yield:

W0 ¼
a_Z2

3

ðo1 � o2Þ
2

o1 þ o2
g: ð2Þ

The linear increase in total yield comes primarily
from a hardening of the emitted X-rays, rather
than from an increase in the overall photon
multiplicity.

For a radiator consisting of multiple foils, the
frequency distribution exhibits a characteristic
oscillatory nature which is caused by interference
effects between the emission amplitudes of all the
media boundaries in the radiator. For an N-foil
regular stack with constant spacings l2 and foil
thickness l1; one obtains

d2WN

do dy
¼

d2W0

do dy
4 sin2 l1

z1

� �
sin2½Nðl1=z1 þ l2=z2Þ�

sin2ðl1=z1 þ l2=z2Þ
:

ð3Þ

Here, d2W0=do dy is the single-interface emis-
sion spectrum, given by Eq. (1), and one assumes
reabsorption in the radiator to be negligible. The
characteristic length scales zi are called ‘‘formation
zones’’. They may be thought of as roughly the
distance required for the electromagnetic field of a
moving particle to reach a new equilibrium state in
the medium it has just entered [9]. The formation
zones are defined as

zi �
4c

o
1

g�2 þ y2 þ x2
i

: ð4Þ

Eq. (3) shows that the yield of the radiator stack
is determined by the ratios of the foil and gap
thicknesses to their formation zones. For l15z1;
the first sin2 term drops to zero, effectively
suppressing the yield. However, when both l1
and l2 are larger than z1 and z2; the total integrated
yield from a stack of foils will approach 2N times
the yield from a single interface [8].

Fig. 1 shows the approximate differential energy
spectrum (dWN=do), obtained by integrating
Eq. (3) over all angles. It is normalized by the
number of interfaces and compared with the single
interface spectrum (Eq. (1)). The broad, final
maximum of the multifoil spectrum contains a
major portion of the total emission and is located
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around a characteristic peak energy [8]:

opeakEo2
1l1=2pc: ð5Þ

2.2. Saturation

The total yield of TR from a stack of foils
does not increase indefinitely with g: Instead,
saturation effects begin to limit additional photon
production as the Lorentz factor rises. The
formation zones z1 and z2 have a strong depen-
dence on the Lorentz factor of the particle, and
will eventually become larger than l1 and/or l2;
respectively. This will limit the total TR emission
to reaching a plateau value. The Lorentz factor
at which these effects begin to become appreciable
in a multifoil radiator has been predicted [9,10] to
be about

gsatE0:6o1

ffiffiffiffiffiffiffi
l1l2

p
=c: ð6Þ

2.3. Irregular radiators

For practical reasons, one often uses radiators
that are composed of foams or fibers rather than
regularly spaced foils [11,12]. An analytic descrip-
tion of the TR spectrum generated in such
radiators is, in general, not available. However,
in some cases, a satisfactory approximation of
some of the emission properties can be obtained by
inserting the average values of spacing and
membrane thickness into Eq. (3) for regular
radiators [10].
3. Detector design principles

Many parameters affect the optimum design of
a transition radiation detector system for a
particular application. Among them are foil and
gap material, foil and gap spacing, foil count,
detector type, detector geometry, etc. Different
applications require different optimizations, and
often, the choice made for a parameter represents
a compromise between competing requirements.
In general, the design will be driven by the desired
peak emission energy, opeak; and by the desired
saturation Lorentz factor, gsat:
3.1. Radiator

The material of the radiator, be it composed of
many foils or of fibers or foam, should be of high
density and low atomic number. Therefore, solid
hydrocarbons, such as polyethylene or Mylar, are
suitable and practical materials. Low-Z metals,
such as lithium or beryllium, would be very
attractive, but are expensive and difficult to handle
in practice [13].

The thickness of the foil (or the equivalent
thickness of fibers or of foam membranes) is
perhaps the most important detector parameter,
because the characteristic TR emission energy,
opeak; depends linearly on it (see Eq. (5)). As a
general rule, if one wishes to observe TR from
particles with relatively low Lorentz factors, one
chooses small foil thicknesses, and consequently
obtains relatively soft X-rays. For higher Lorentz
factors, larger foil thicknesses are preferred,
producing harder X-rays. The harder X-rays result
from both an increase in opeak; and from more
significant re-absorption of the softer X-rays in the
thicker radiator foils.

Both the thickness of the foil and size of the gap
help determine the saturation limit of a radiator.
Increasing the gap size l2 is expected to delay the
onset of saturation effects, and push gsat higher
(nominally, by the square root of the increase
factor). However, a compromise must be found in
practice, lest the length of the radiator become
unreasonably large.

A radiator with fixed and constant values of l1
and l2 will allow an increase in the X-ray signal
only over a limited range of Lorentz factors,
generally covering less than one order of magni-
tude. If one wishes to extend this range, one can
combine several radiator sections of differing
properties into a single composite radiator stack.
The parameters of each subsection in the stack are
chosen to perform well within a specific, but
different, range of Lorentz factors. However, the
total response of such a composite radiator is not
simply the sum of its components. This is due to a
reduction in the X-ray yield by absorption in the
downstream radiator materials. To ameliorate this
effect, the upstream modules are best tuned to
generate harder, more penetrating, X-rays than the
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following modules, which are placed closer to the
X-ray detectors.

3.2. Detector

Because of the small emission angles for TR
photons, in most cases the X-rays are detected
together with the ionization signal from the
primary particle itself. Therefore, the X-ray
detector should, in general, maximize photon
absorption, while minimizing ionization by the
particle. These conditions suggest a low-density,
high-Z material: traditionally, xenon-filled propor-
tional counters or chambers are used.

The atomic properties of the detector materials
play an important role in the performance of a
TRD. This is illustrated in Fig. 2, which shows a
GEANT4 [14] simulation of the average energy
deposit of X-rays in a 1 cm thick xenon layer at
atmospheric pressure. As the figure shows, such a
layer has near-100% collection efficiency for
X-rays up to 6 keV: However, at higher energy,
the X-rays are not always absorbed, and above
9 keV the average energy deposit begins to drop.
The decline continues rapidly until roughly
B35 keV; where the K-edge provides an increase
in the photoelectric cross-section.

The increase in energy deposition at the K-edge
makes it an attractive target at which to tune a
radiator’s peak emission energy. However, the
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Fig. 2. GEANT4 simulation of the average energy deposit

versus incident photon energy for a 1 cm chamber of xenon at

1 atm: The average includes those photons which deposit no

energy in the detector volume.
total deposited energy may be less than expected
because of the generation of fluorescence photons
subsequent to a photoelectric interaction of the
primary X-ray. These fluorescence photons will be
on the low-energy side of the K-edge, and hence
can easily escape from the detection volume.
Therefore, only a portion of the primary X-ray
energy will be collected.

For radiators with harder emission spectra, it is
important to increase the efficiency for collecting
the primary X-rays. This can be achieved by using
a TRD which consists of a sandwich of multiple
radiator/detector pairs. In this configuration,
X-rays not absorbed in one detector are available
as ‘‘feed-through’’ photons for possible collection
in the downstream detectors. In some cases, it may
also be useful to increase the thickness or the
pressure of the xenon layer in order to increase
the signal from the harder X-rays, even though
the ionization signal of the particle will then also
increase.
4. Measurements

The objective of the measurements described in
the following was to determine whether a transi-
tion radiation detector can generate a measurable
X-ray signal for particles with Lorentz factors as
low as a few hundred without reaching saturation
until gB105: Thus, this TRD should have a
dynamic range of nearly three orders of magnitude
for measurements of g: We have designed the TRD
according to the well-established precedent of
placing xenon-filled proportional counters behind
appropriately-chosen radiators. We have shown
previously [12] that radiators with very thin foils
or fibers are required to obtain TR response for
g-values less than one thousand. However, in order
to push the saturation to values much beyond
gB104; Eq. (6) indicates the need for radiators
with relatively large values of l1 and l2: Thus, our
requirements lead to a composite radiator which
has both thin fibers for low-g response, and thick
foils for high-g response.

The design of the high-g radiator component
proceeds as follows: because we use xenon as the
detector gas, we tune the radiator such that the
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highest peak in the frequency spectrum, opeak; is
just above the K-edge in the absorption cross-
section for X-rays in xenon. Hence, we chose
Mylar foils with a nominal thickness of 3 mils
(l1 ¼ 76 mm). With _o1E24:4 eV for Mylar, we
then have _opeakE_l1=2pcE36:7 keV: Eq. (6) for
the saturation value gsat predicts l2 ¼ 2:5 cm for
gsatB105: As a practical radiator should exhibit at
least B100 interfaces (or 50 foils), this radiator
would be over 1 m long. This is uncomfortably
large for practical applications. Hence, the objec-
tive of our measurement is twofold: First, to
ascertain whether a radiator designed along these
lines can, indeed, reach a saturation level gsatB105;
and second, to investigate whether the length l2
can be moderately reduced without seriously
compromising the response.

To test the predictions, we carried out measure-
ments at an external beam of the SPS at CERN/
Geneva, using pions in the energy range from 20 to
350 GeV and electrons from 7 to 250 GeV: Signals
were detected in 2-cm thick multiwire proportional
chambers (MWPCs) filled with a xenon–methane
(95–5%) mixture. The MWPCs had a wire spacing
of 1 cm; and were installed in the beam-
line according to Fig. 3. These MWPC’s have
been used frequently by our group in the past (e.g.,
Ref. [12]), and are shown to be strictly propor-
tional in response and uniform in gain across their
area. The first chamber was placed upstream of all
radiators in order to measure the specific ioniza-
tion losses only. The other MWPCs were installed
at fixed intervals behind it. Two upstream scintil-
lator paddles served as a trigger, and their signals
were used to select single-particle events.
Foils
Possible Additional

Radiators

MWPCsScintillators

Beam

1 2 3 4

Fig. 3. Schematic view of the experimental set-up in the beam

line.
In the base configuration, radiators with up to
51 Mylar foils at variable spacings l2 could be
placed in front of MWPC 2. The primary purpose
of the additional downstream MWPCs was to
study feed-through X-rays from the first radiator
that were not absorbed in MWPC 2. Additional
radiator materials could also optionally be placed
in front of the last three chambers (see figure).

The signals from the MWPCs were read out
with custom charge-integrating amplifiers (CSAs)
and peak detectors. The peak levels were fed via a
multiplexer into a flash-ADC system (Struck, SIS
3300). Four pairs of two adjacent wires per
chamber were connected to each CSA. In the
analysis, care was taken to only accept signals
where the particle passed between the wires of a
single pair by requiring that the adjacent wire pairs
on either side showed zero signal.

For each radiator configuration, a background
measurement was performed by replacing the
radiators with solid blocks of plastic material of
equivalent mass-density. Such a measurement
would allow us to correct for background, such
as bremsstrahlung contributions, to the measured
signals, but such corrections were found to be
negligible. Fig. 4 shows a typical pulse height
distribution, measured with a radiator, and the
corresponding background measurement.

The experimental configuration was simulated
using the GEANT4 Monte Carlo package,
version 5.2, patchlevel 1 [14]. Ionization losses
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Fig. 4. Pulse-height distribution in a single MWPC with fiber

radiators for 150 GeV electrons (solid histogram). The dashed

histogram is obtained when the radiator is replaced by a solid

plastic slab of an equivalent thickness.
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were simulated using the G4hIonisation pack-
age, and transition radiation processes were
simulated using both the G4GamDistrXTRdEdx
and G4FoamXTRdEdx models, for multifoil and
amorphous radiators, respectively [15]. The TR
codes were slightly modified to operate beyond
their default Lorentz factor upper limit of gB105:
The TR photon energy limit was also increased by
a factor of two, to 200 keV:
5. Results

We first investigate the response of the TRD for
a single foil radiator volume as described above:
we use 51 Mylar foils, 76 mm thick, spaced at l2 ¼
1:5 cm: This value of l2 is somewhat lower than
indicated by Eq. (6) for saturation at gsatB105 (see
Section 2). Fig. 5 shows the average total signal
(ionization loss of the particle plus TR) measured
in chamber 2 for the Lorentz factor range gB700
to gB3 	 105: Also shown are the signals in
chamber 1 which are due only to ionization loss,
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Fig. 5. Average detector signal versus Lorentz factor for 51

Mylar foils at 1:5 cm spacing. The foils were placed in front of

chamber 2, as shown schematically in the upper right corner of

the figure. The solid lines show the result of a GEANT4

simulation. The normalization to the data is arbitrary, but

identical for all three lines. The dashed line indicates the trend

of the chamber 1 data, measuring the ionization energy deposit.
and in chambers 3 and 4 which illustrate the feed-
through of X-rays not detected in chamber 2. The
solid lines indicate the results of the GEANT4
simulation; they have been arbitrarily normalized
(by a single factor) to fit the data. There were no
other radiators installed in this configuration.

The data in Fig. 5 establish that the foil radiator
produce a signal which increases monotonically
with Lorentz factor up to gsatB105: Hence, this
design makes possible, in principle, a measurement
of g up to these very high Lorentz factors. The
data also show that the feed-through to subse-
quent chambers is significant, as can be expected
for the production of relatively hard X-rays. The
agreement of the data with simulations, at least in
overall shape, and relative normalization, is quite
satisfactory.

A drawback of the radiator used for the results
in Fig. 5 is the large spacing between foils. For
most practical applications, a more compact
radiator with a smaller value of l2 would be highly
desirable. In order to investigate the response of
the radiator as a function of l2; we performed a
number of measurements using again foils with
l1 ¼ 76 mm; but varying the spacing, l2:

Fig. 6a shows the measured yield at saturation
(i.e., at gB2 	 105), as a function of l2: The yield
here has been normalized by the specific energy
deposit, at the same Lorentz factor. We note that,
as predicted by the theory, the saturated yield does
not vary significantly with the foil spacing over the
range l2 ¼ 0:5–2 cm: From the same data, we have
empirically determined a value of gsat for each
spacing, l2: Fig. 6b shows the result. Here we find
that, at low spacings (l2o1:5 cm), gsat appears to
be systematically higher than the prediction of
Eq. (6), shown as the dashed line. This unexpected
result can have an important practical conse-
quence: it indicates that a radiator somewhat
more compact than that prescribed by Eq. (6) may
be used without penalty in response at high
Lorentz factors.

The response curve depicted in Fig. 5 illustrates
a radiator that may be used for measurements of
g-values from about 104 to 105: If one wishes to
extend the response to lower energies, one needs to
add additional radiator materials. Previous mea-
surements for the radiator combination used in the
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CRN cosmic-ray detector [16] indicate how to
proceed.

In that instrument, response at relatively low
g-values was achieved by using a combination of
two kinds of plastic fiber radiators, a ‘‘thick’’ fiber
of 17 mm and a ‘‘thin’’ fiber of 2–5 mm: Fig. 7
shows the response of the CRN radiator. With the
exception of the data points above g ¼ 104; this
response curve has been published previously [17].
We notice that for this radiator, TR begins to
become observable at gB500; and may approach
saturation above gB104:

The measurements for this figure were collected
with a detector that employs only a rather small
layer of xenon (2 cm thick gas mixture with 25%
xenon content). It is instructive to investigate how
the signals at high Lorentz factors might change if
the xenon content is increased. Fig. 8 shows the
response of the same radiator configuration, but
now using a detector with 95% xenon in a 2 cm
thick layer at 1 atm: Remarkably, a significant
improvement in the signal over the Lorentz factor
range gB104 to 105 can be observed, and the
saturation is shifted to higher Lorentz factors. This
is an interesting result which is not predicted by
simulations that simply replace the fiber radiator
with an equivalent combination of regularly
spaced foils, nor by more sophisticated algorithms
which try to take the irregularity of the radiator
into account. It may be that the irregular
fiber geometry leads to an enhancement in hard
X-rays at high particle Lorentz factors which are
then more efficiently absorbed in the increased
xenon layer.

We now modify the foil radiator configuration
by adding a fiber component, as discussed above.
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(open circles). The dashed lines indicate the trend of the data,

and the solid line shows the result of a GEANT4 simulation.
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Fig. 8. Average detector signal versus Lorentz factor for a

CRN-like radiator configuration. The open circles are data

from MWPC 1, and the open squares are from MWPC 2, as

shown in the inset schematic. The dashed lines serve to guide

the eye.
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Fig. 9 shows the measured result: a further
enhancement of the total response at high Lorentz
factors. Importantly, the addition of new radiator
material has not adversely affected the saturation
limit. Although for this measurement, we were not
able to obtain accelerator beams at g values below
1000, it is reasonable to expect that, because of
their common design features, the low-g response
will be similar to that shown in Fig. 7 for the CRN
configuration. In contrast to the original design,
however, the new combination exhibits a response
that extends to much higher values of g:

In another set of tests, we use a somewhat
modified configuration, replacing some of the
fibers of the CRN radiator with a 5 cm block of
DOW Ethafoam 220, a closed-cell, polyethylene
foam with a density of 36 g=l: The results are
illustrated in Fig. 10. Again, an unsaturated
response that reaches up to Lorentz factors of
gB105 is seen. For comparison, Fig. 10 also shows
the results obtained with a single foil radiator as
given in Fig. 5. Again, the addition of extra
radiator materials to the foil stack increases the
overall yield without serious detriment to the
saturation point, gsat:
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6. Discussion

The measurements described here demonstrate
that it is possible to construct practical transition
radiation detectors that show a g-dependent
response up to Lorentz factors of gB105: Further-
more, when combined with previous measure-
ments of low-g TRDs, they indicate that it is
possible to simultaneously achieve, in the same
detector, sensitivity for Lorentz factors near
gB500: This result is of great importance for the
design of detectors for heavy cosmic-ray nuclei.
Such detectors will permit detailed studies of the
cosmic-ray composition and energy spectra of
individual elements up to energies around 1015 eV
per particle.

It appears that transition radiation theory, and
the simulations built upon it, are capable of
predicting the behavior of a TRD quite well for
regular foil radiators. For random foam and fiber
materials, calculations using the average material
thicknesses and spacings give qualitative guidance
for predicting their behavior. However, it appears
that such calculations may underestimate the
observable signals near saturation. This is a result
of considerable practical importance. Another
gratifying result of the measurements is the fact
that the l2-dependence of the transition radiation
yield at saturation is not very strong, making
possible the construction of foil radiators that are
more compact than expected on the basis of
previous estimates.

It is clear that further tuning of the parameters
of the radiator/detector configuration could lead
to additional improvements in response. Although
simulations based on theory give some guidance,
such optimization efforts may not be reliable
unless they are verified by calibrations at accel-
erator beams.
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