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RECENT PROGRESS IN TRANSITION RADIATION DETECTOR TECHNIQHES*)

Luke C.L. Yuan**)

Brookhaven Natiomal Laboratory,
Upton, N.Y., USA.

A brief review of the orincipal chara:teristics of transition radiation is given and a list cf some of
the major experimental achivvements involving charged particles in the relativistic regior #. e presented.
With tbh.. emphasis mainly directed to the X-ray region of the transition radiation, certain mades of applica-
tion ot the tzansition radiation for the identification and separation of relativistic charged particles are
discussed. Some recent developments in detection techniques and improvements in detector performances are
presented. Experiments have also been carried out to detect the '"dynamic radiation', but no evidence of such
an effect was observed within the sensitivity of the present eaperiments.

1, = INTRODUCTION

Since the early introduction of the use of transition radiation as a possible method for the detection
and identification of ultra-relativistic charged particles, a2 number of investi ations'~’) have been made
demonstrating the feasibility of such detection methods. Intensive studies® ™ ??) were carried out, particularly
in the past few years, on the practical aspects of the detection techniques and on the application of such de-
tection methods to high-energy cosmic-ray experiments, as well as to experiments in the high-energy accelera
tors, primarily for particles in the ultra-relativistic region. Results obtained thus far show great promise
in the usefulness of the transition radiation detector technique for identification of particles in the range
of Lorentz factor Y (= E/moc?) between ~ 10 and ~ 10°, Furthermore, it appears to be feasible, under cer-
tain conditions, to separate electrons, pions, protons, and kaons, in the energy range of a few ":V up tc a
few hundred GeV, in the present range of accelerator experiments.

The present paper is intended to give: in Section 2, firstly, a brief review of the important characteris-
tics of the transition radiation both in the optical and in the X-ray region; and secondly, a summary of
the major experimental achievements obtained in the past few years especially in the verification of these
theoretically predicted characteristics; in Section 3, a brief description of the aspects and modes of appli-
cation of transition radiation; in Section 4, a resumé of sume recent results on the investigation and opti-
mization of technical parameters in a practical transition radiation detector design; in Section 5, some
general conclusions on the important advantages of such a detector; and in Section 6, some experimental
results on the detection of the "dynamic radiation" emitted from & crystal lattice by the passage of a re-
lativistic particle.

2. - A BRIEF REVIEW OF THE IMPORTANT CHARACTERISTICS OF TRANSITION RADIATION

It would be worth while to give a brief review of some of the principal characteristics in the nature of
trensition radiation for those who are not familiar with this subject.

When a uniformly-moving charged particle traverses from one medium, having a dielectric constant €,, and
magnetic permeability u;, crossing the boundary into a second medium, having a dielectric constant ,, and a
magnetic permeability u2, energy is lost by the particle at the boundary (or interface) betwesen the two media
and this energy loss is emitted in the form of electromagnetic radiation known as the transition radiationm.
Ginzberg and Frank?®) first predicted the existence of the transition radiation in 1946 and Garibian?') de-
veloped the theory later for relativistic particles into a more practically applicable formulation as well
as extending it into the X-ray region. For simplification, one of the media is assumed to be a vacuum
(€1 = 1 and u; = 1). Hence the expression of the energy of the transition radiation emitted per unit sclid
and per unit frequency interval from an interface between vacuum and a medium of dielectric constant €3 = €,
Uz = 1, at an angle 6 from the direction of the traversing particle, is given by

d’w__ e 8?2 sin® 6 cos? © (e - 1)(1 - 82 3 8/ - sin’ 0) ()
dQ dw '

m2¢ (1 - 82 cos? 0)2 | (€ cos @ + /E = sin? B)(138/€ - sin? 0)

*) Work performed under the auspices of the U.S. Atcmic Energy Commission in collaboration with the
National Aeronautics and Space Administration.

*%) Vigitor at CERN, Geneva, Switzerland.




where the dielectric constant c(u) = ] - [w;/d(u . i5)] is a complex quantity, and the plasma frequency up
is given by the well-known expression

4" N?
uz'-_.. hw) = 3ev,
e P al
and § is related to the inverse of r.laxation time which is quite small (8 ~ 0.2 eV). The + sign refers
to the backward emission and the - sign refers to the forward emission.

The frequency of the transition radiation extends upward with the Y of the charged particle in question.
The upper limit of the emitted frequency is given by Ywp. For a particle with y = 10?, the cut-off energy
is v 34 keV for aluminium, which is well in the X-ray region.

By integrating Eq. (1) over all angles, assuming 8 = 1, Garibian’*) obtained the expressions for the
total energy emitted by the transition radiation from a single interface both for the optical region and
for the X-ray region:

2
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in the optical region: Uopt . (1n 2y 3/2) tu , (2)

where 4w is the range of optical frequencies and
2e? w

ux-r.y " T3 ' (9

in the X-ray region:

Here we see that in the optical region, the total energy of the transition radiation is proportional to
the logarithm of the Lorentz factor y. On the other hand, the total energy of the transition radiation
emitted in the X-ray region is linearly proportional to Y. In either the optical or the X-ray case, the
energy of the transition radiation emitted from a single interface by a single relativistic charged particle
is extremely small (the probability of emitting a single photon is * 1), so that a large number of interfaces
are needed to obtain a large enough number of photons for the detection of a single particle. One convenient
way to accomplish this is to employ a stack of thin material foils as radiator. Experiments carried out both
in the optical region®) and in the X-ray region’) of the transition radiation have verified the theoretical
predictions of the energy dependence (2) and (3).

The angle 2, at which the maximum intensity of the transition radiation is emitted with reference to
the direction of the traversing particle is *~ 1/y according to theory. This prediction has also been veri-

fied experimentally’) in the X-ray region.

Furthermore, the energy spectra of the X-ray transition radiation for different values of Y ranging
from v = 1000 up to ¥ * 20,000 have been measured experimentally’) and are in reasonably good agreement
with theory.

As was first pointed out by Garidian’") theory also predicts that there exiets a minivum thickness of
the medium (material or vacuum) that the particle must traverse before the transition radiation can be
created. This minimum thickness is generally known as the formation zone 2, and is cesentially the distance
in which the particle tield and the photon field interact coherently.

For relativistic particles, the formation zone is given by

.S L . (4)
m (X!W)z . &(“'/*)3

g
.

The dependence of the material foil) formation zone and the vacuus formation zone is shown in Fig. 1.
Employing & stack of thin metal or mylar foils with foil thickness a spaced at a distance d bet-

ween adjacent foils, transition radiation in the X-ray region vas measured by varying respectively the thick-
ness a and the spacing d; the existence of such a formation zone in transition radiation in both material and
in air has also been verified'?),

Experiments using channel glass as radiators in the optical region and locsely packed graphite granules
of various sizes us radiators in the X-ray region have been carried out with no apparent advantage over the
thinefoil radiators. However, piastic foam blocks wvhich consist of tiny air cells have been used as radiators
in the X-ray transition radiation region with varying degrees of success'’*'*+!7:3¢ A more detailed series
of tests will be described later in Section & of this paper. In general, the intensity of the X-ray transi-
tion radiation emitted from a stack of thin foils can be described reasonably well by the present theory.

Susmarizing the above, the following list represents some of the major achievements in the TR (transition
radiation) investigations:

i) Escablishment of feasidility of measuring TR from a single charged particle both in the optical and
in the X-ray region by the employment of multiple interfaces.

-2 -




ii) Verification of the logarithmic dependence of the optical TR intensity on Y of the charged particle.
iii) Verification of the linear depandence of the X-ray TR intensity on Y.
iv) Verification of the 8y = 1/y relation.

v) Measurement of the X-ray TR energy spectra for different Y's (in reasonably good agreement with
theory).

vi) Verification of the "formation zone" effect in the X-ray TR intensity both for air and for material
media.

vii) Esesential elimination of the usually troublesome Landau tail of the ionization loss spectrum of a
relativietic charged particle by means of a simple computer device.

viii) Verification, in general, of the intensity of TR X-rays emitted from a thin-foil stack radiator as
predicted by theory.

3. = ASPECTS AND MODES OF APPLICATION OF TR

As pointed out earlier, the intensity of TR even from multiple interfaces is, in general, very low;
therefore the spplication of TR as relativietic particle detectors requires careful studies in many respects
in order to overcoms some problems related to the specific modes of applicatjion. These problems remind us
of the similar situation existing in the early otages of the application of Cerenkov radiation as a particle
detector.

We can list two main aspects of ucilizing TR for the detaction and identification of relativistic charged
particles. Both these aspects involve the use of the X-ray TR and are potentially very powerful methods in
viev of the basic characteristics of the X-ray TR stated in Section 2 above.

3.1 - Aspect I: to measure Y of an ultra-relativistic particle

If ve take a proton and a pion of the same energy E, wvhere E = Ymoc? and my is the mass of the particle,
then

YolY, = @/, = 6.7 . (5)

Thus ve see that knowing the energy of the proton and of the pion with reasonable accuracy, one does not need
high accuracy in the mesasurements of the Y's to identify these two particles. Similarly, for kaons and pions
the mase ratio Yu/Y, » & /a = 1.5 for the same energy and the mass ratio for pions and electrons Y, /Y =
my/ng = 280. Under certdin epecific conditions, one should be able to identify these particles by measuring
their yv's.

By combining'®*'') the energy distribution of the photon production process and the energy distribution
of the Y-ray TR we obtain the resolution in Y wvhen measuring the total energy of the emitted TR which is
given by

é}.\e, (6)

wvhere n is the number of TR photons. Therefore if one can obtain 100 TR photons, one can get a resolution
in Y of ~ 14%.

From the energy distribution of the TR X-rays it can be easily seen that the preponderant number of
TR X-ray photons lie in the low-energy part of the energy spectrum, and that the number of photons decreases
monotonous ly with increasing X-ray energy. Hence it would be highly advantageous to use an X-ray detector
vhich has a high decection efficiency for low—-energy X-rays.

3.2 - Aspect 1I: separation of particles

It could be used in such applications where one needs only to separate different kinds of particles,
for example %o separate "'s from protons, electrons from hadrons, etc. In some cases this aspect is much
easier to carry out than Aspect I. Soms examples of this aspect are given in Ref. 16.

In either of the above two aspects of applications we have in practice two general modes of utilization.
These are as follows:
3.3 - Small solid le mode of utilization

In this class of utilization, vhere a well-defined particle beam is available such as in one of the
secondary beams in an accelerator, a deflecting magnet is usually employed to deflect the particles away
from the TR X-ray detector, so that the detector detects only the pure X-ray photons without the interference
from any signal vhich would have been caused by the ionization loss of the primary particle should there be
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no deflecting magnet present. Since the gain obtainable in the TR X-ray intensity by increasing the number
of interfaces (e.g. the number of thin fcils in # radiator stack) ie limited by the simultaneous increase in
absorption of the X-rays, a radiator with an optimum number of interfaces is usually chosen for a specific
detector element. A cascade of several such detector elements can be easily installed in a beam transport
system to increase the gain in the number of photons several fold. The number of the cascades is limited by
the multiple scattering effect caused by the total amount of radiator material placed in the path of the
particle. An example of the Aspect I arreangemen:t is shown in Fig. 2a.

3.4 - Large solid angle mode of utilization

This class of utilization includes cosmic-ray experiments, high-energy experiments in space, and reaction
studies in accelerator experiments, which usually require a large sclid angle of investigation. In such appli-
cations it would not be possible to make convenient use of magnetic field to deflect the primary particle
avay from its emitted TR from a radiator. Hence the primary particle must traverse the same detector in
which the TR signal is neasured, and it would be necessary to subtract out from the combined signal the ioni-
zation loss dE/dx of the primary particle in the detector. Owing to the presence of the well-known high-
energy "Landau” tail of the ionization loss distribution in a "thin" detector, it has alwvays been a difficult
problem to measure with certainty the ionization of a single relativistic charged particle in such a detector.
As described in an earlier publication'®) by the use of a geometric-mean computing device in a detector sys-
tem consisting of segmented radiator elements arranged in alternate fashion with X-ray detector elements
(similar to a multi-layered sandwich), the Landau tail can be essentially eliminated. Such a detector arrange-
ment also possesses the advantage that the low-energy X-rays would be detected by the adjacent detector be-
fore they could be absorbud in a continuous stack of radiators. Figure 2b shows such a typical sandwich de-
tector arrangement.

3.5 - General comments

In the present state of the art, the best kind of X-ray TR detector for the Aspect I utilization is a
thick solid-state detector such as the Ge(Li)-detector, which has a high efficiency for detecting high-
energy X-rays of the order of a few hundred keV. On the other hand, the most practical and convenien: type
of X-ray detector which has a high efficiency for detecting low-energy X-rays (“ 5 to 10 keV) for the large
solid angle mode of utilization seems to be the multiwire proportional chambers, al:hou;h streamer chambers
have also been used to great advantngo »20) A proposed arrangement of a possible cosmic-ray experiment
using a TR detector system is shown in Fig. 3.

4, - SOME RECENT RESULTS ON THE OPTIMIZATION OF TECHNICAL PARAMETERS
IN A PRACTICAL DETECTOR DESIGN

l In order to design a practical TR detector, especially for the large solid angle mode of utilization.
it is essential to consider not only the formation zone zffect, the absorpticn factor, etc., but also a
number of other technical parameters which should be carefully studied and well understood so that one can
use this knowledge as a basis to design the optimum detector system for any specific application and within
a certain desired range of particle energy or Y. These technical parameters include the radiator material,
the geometry of the multiple interfaces (orderly spaced or randomly spaced), the thickness of the MWPC
(multivire proportional chamber); the gas mixture used in the MWPC, the rejection ratio of the undesired
particle as a function of the number of sandwich layers, and the particle energy or Y dependence of such a
detector system also as a function of the number of sandwich layers, etc.

The following is a resumé of the results of the recent investigations on optimizing the technical para-
meters in a practical detector design obtained by the Brookhaven group which consists of H. Uto, G.F. Dell,
A. Bamberger, P.W. Alley and the author. These investigations were carried out at the Brookhaven 32 GeV
AGS test beam with the primary objective of optimizing the technical parameters in a sandvick-type detector
system for both large solid angle and small solid angle mcdes of application. This detector system consists
of alternate layers of radiator segments and MWPC similar to that shown in Fig. 2b.

Because of limited space the details of the results of these investigations will not be presented here,
but will be published elsewhere.

4.1 - Radiator material

Plastic foam material with different sizes of air bubbles but having essentially the same density was

studied to compare their respective efficiencies in producing TR. So-c of the smaller bubble sizes in the
plastic foam were obtained by compressing a normal foam block down to Y of its original thicknocs. The
results obtained show that the foam material hnvxn. the largest bubble size available, namely YV, mm in size,
is the most effective radiator in the X-ray region. However, a radiator stack of 100 mylar foils each 0.5 mil
thick with 60 mil spacing between two ld;acent foils, gives a 40X higher yield of TR X-rays than a 4 in.
thick foam for particles of vy = 2.7 x 10 Furthermore, plastic foam with irregulas sizes of bubbles yields
less TR intensity than that with uniform size bubbles.




In Pig. 4 the black dotr show the relative TR signal in four argon-filled MWPC each 2.2 cm thick as »
function of foil thickness in four segmented radiator stacks (each conteining 50 mylar foils) at an ele 'trom
energy of 2.7 GeV. The circles are the corresponding values calculated from theory. The left-hani parr . f§
the curve shows an increase in signal with foil thickness which is attributable to the formation zone ef:ect.
The right-hand part shows a decrease in signal with foil thickness which is due tc the increasing overriding
absorption of the thicker foile. 0.5 mil thick mylar foils seem to give the best TR signal. The agreement
between the msasured values and the theoretically predicted values is quite good.

The dependence of the TR signal on the foil spacing is shown in Fig. 5. It is similar to the detector
system employed in the case of Fig. 4, with the exception that the mylar foil thickness is fixed at 0.5 mil
and that the spacing between foils is varied between 15 and 120 mil., The black dots indicate the experimental
results, whereas the solid line represents the thecretically expected values based on the multifoil formula.
The agreement between theory and experiment is reasonably satisfactory. It appears that a spacing of > 30 mil
would be optimum in this energy region.

4,2 - Effect of the thickness of the MWPC and gas mixture

When we measure the TR intensity in a combined signal of TR and particle ionization loss, it is apparent
that the thickness of the MWPC and its gas wmixture must be chosen to give the maximum TR signal relative to
the signal due to the particle ionization loss. Figure 6 shows the relative TR signal as a function of
chamber thickness obtained with a single MWPC using argon and xenon gas respectively, and 100 foils of 0.5 mil
mylar at 60 mil spacing for 2 GeV electrons (v = 4000). For the 1.2 cm chamber, the gain in the TR signal
is a factor of 2 greater in using xenon instead of argon, whereas for the 2.2 cm chamber the gain is much
less, indicating that the TR consists mostly of soft X-rays and consaquently is absorbed in the front part of
the chamber.

Figure 7 shows the relative full width at half maximum (FWHM) of the ionization loss spectrum for n's
and electrons at 2 GeV/c momentum for different chamber thicknesses and gases. The abscissa is approximately
proportional to the thickness of the chamber. The upper dashed curve represents the measured values without
any correction for intrinsic chamber resolution. The lower dashed line represents the results of wcnt”).
vhich are generally lower than the present measurements.

Figure 8 shows the mass absorption coefficients for argon, krypton, and xenon, all corrected for escaping
fluorescent radiation. In the energy region of between 5 and 15 keV, where most of our interest lies in the
detection of TR X-rays with a MWPC, xenon appears to be the most efficient absorber per unit of ionization
loss.

The ratio of the most probable energy losses of elect:rons and of pions is shown in Fig. 9 for different
chember thicknesses and gases at the same momenta (2.3 GeV/c). The arrows indicate the expected values as
calculated from the theoretical density effect. The most prohable energy loss of electrons in all three
different gases and in various thicknesses of the MWPC is always greater than the corresponding most probable
energy loss of pioms.

A comparison of the combined signal of TR and ionization loss in using xenon as against argon in a
4=-MWPC thin chamber (1.2 cm) configuration for 2.7 GeV/c electrons (y = 5400) is shown in Fig. 10, where
the probability distribution is plotted for photon absorption as a function of the total geometric mean
energy of the TR. It is seen that even with as few as a 4-chamber configuration the advantage of using
xenon in a thin chamber is quite apparent. For comparison, a similar distribution for a single thin xenon
chamber is shown in Fig. 11, wvhere the probability of photon absorption is * 40% and the relative shift of
the averages due to TR is 44X,

Some preliminary results on the use of a mixture of three gasés, namely xenon, methane and helium have
shown extremely encouraging indications that the ratio of the TR signal to the particle ionization loss can
be vastly improved. Figure 12 shows that in a thin chamber (1.2 cm) for e counter gas mixture of 34X Xe,
92 CHy, $7% He, the ratio of the 6 keV signal (mean TR signal in a MWPC) to the B ionization loss signal
increases by a factor of 2 over that in a normal argon-methane mixture.

4.3 - Energy dependence and general perfo ce of multichamber

TR detection systems

The energy dependence characteristice of a 10-chamber sandwich-type TR detection system have been studied
using normal argon-filled chambers with two different kinds of radiator segments. In Fig. 13 the black dots
are the measurements obtained with 4 in., thick styrofoam blocks as radiator segments, whereas the circles
represent those obtained with stacks of 100 wmylar foils of 0.5 wil thickness and a spacing of 60 mil as ra-
diators. The yield Y is the relative energy deposit of TR in terms of the average energy loss for background
radiators. The solid line represents the theoretical calculation for the stacks of mylar foils. The absolute
scale has an over-all error of * 15%. It is spparunt that the mylar foil radistors are appreciably better
than the foas radiators of comparable dimensions, and that the energy dependence in such a detector system is
fairly linear within the energy range investigated.

Figure 14 shows the pulse-height distribution due to TR and ionization lces for a 10-chamber detection
system using 4 in. styrofoam blocks as radiator segments for electrons and pions of 2.7 GeV/c. Fig. léa
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represents the measurements obtained using the arithmetic mean, while Fig. l4b represents the values obtained
employing the geometric mean computer device. The dashed lines in Fig. i4b represent the expected result for
a 30-chamber detector system based on the measured values. Even with the argon-filled chambers and the less
efficient foam radiators, the separat.on between electrons and pions at 2.7 GeV/c can be easily achieved.

Measurements obtained with a. similarly arranged 20-chamber detector system are shown in Fig. 15. The
pion distribution remains the same with or without the radiators, since the Y of the pions is too small
(Yy = S50) to yield any detectable TR.

Using the measurements shown in Fig. 15 we can caiculate the picn contamination of the signal for the
20=-chamber (argon-filled) detector system with foam radiators for equal numbers of electrons and pions pre-
sent. This contamination occurs when the pion-induced signal exceeds a discriminator level set to include
the desired fraction of electrons. In Table 1 the pion contamination is calculated for 502 and 90%, as the
desired fraction of electrons. The following conclusions can be drawn from these calculations:

i) Mylar foils are a factor of 2 more efficient than foam radiators ‘n this particular 20-chamber system.

ii) Using 20 chambers instead of 10 gives an improvement of a factor of 2-3.

iii) Using twice as many chambers, but keeping the over-all length of the radiator constant, gives an
improvement of a factor of 2.

iv) The geometric mean saves a factor of 2 in the number of chambers #s opposed to the arithmetic mean.
It should be pointed out that these conclusions are based only on the argon-filled chambers of medium
thickness, whereas much improvement can be expected if Xe-CH,-He-filled thin chambers are used. Furthermore,

the performance of the geometric mean computer device for the 20-chamber system may be improved to eliminate
the Landau tail more effectively as it is supposed to do.

Table 1

Pion contamination in percentage

SN% accepted electrons 90% accepted electrons
Radiator 10 chambers 20 chambers 10 chambers 20 chambers
Arith. Geom., | Arith. Geom. Arith. Geom. Arith, Geom.,
mean mean mean me an mean mean mean mean
4 in. foam| 5.0 0.8 1.6 0.29 20.0 7.6 11.0 2.0
100/0.5/60 3.2 0.34 - - 13.8 4.7 - -
2 ino fOlm e b 2.65 0-38 - - 1506 2-56
50/005/30 - l =, 1022 0.25 - - 8.6 lll.

S. = GENERAL CONCLUSIONS ON THE IMPORTANT ADVANTAGES OF A TR DETECTOR
US ING X=RAY PART O S R
i) It can measure Y of a charged particle instead of measuring 8.
ii) It can separate differint kinds of relativistic particles within certain limitations.
iii) It has a linear energy-dependence characteristic.
iv) It gives uniquely the direction of the measured particle.
v) It presents very low mass in the path of the primary particle.

6. - DETECTION OF "DYNAMIC RADIATION"

In an attempt to verify the "dynamic radiation" first predicted theoretically by Garibian?®) and later
observed experimentally by Alikhavisn et a1.27+2%) we have set up an experiment at the Brookhaven AGS test
beam using thin crystal plates of mica. We have employed both a MWPC and a Nal counter as the X-ray detector.
We have also used plastic foam and mylar foils as radiators for TR for comparison.




Figure 16 shows the results of the study of 'dynamic radiation" with a MWPC, 2.2 cm thick filled with
argon. The circles represent measurements of _he signal obtained from four sheets of mica each of which is
15 mil thick traversed by electrons of 7 GeV energy (Y = 14,000). The solid line represents the transition
radiation obtained from a 4 in. thick plastic foam and the dashed line represents the background signal due
to a solid polystyrene sheet, 0.1 in. thick. It appears that the radiation from the mica sheets is close to
the background radiation, giving no evidence of the 'dynamic radiation'.

Figure 17 shows the results of a similar investigazion using a Nal counter (2 in. in diameter and % in.
thick). The circles represent the measured radiation from a 24 mil thick mica sheet by electrons at 2.7 GeV/c.
The solid line represents the TR signal from a mylar stack radiator (230 foils of 1 mil thickness with 32 mil
spacing). The dashed line represents the background radiation from a 0.1 in. polystyrene sheet. It seems
that no "dynamic radiation'" is evident from a 24 mil thick mica sheet.

Further investigations on the ''dynamic radiation" are in progress.
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