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Fig. 3.5. The telescope HET on board the Ulysses space craft [69]. On the right-
hand the strip inclinations are indicated, serving to determine the direction of the
incident particles. The anticoincidence system consisted of a plastic scintillator veto
shield surrounding the telescope and a solid state detector A identifying particles
from below

technique in the individual detectors was about 150 µm. With strips of suc-
cessive detectors rotated by 60◦ as indicated in Fig. 3.5, the trajectory of an
incident cosmic ray could be determined to an accuracy of better than 1◦.
The following six detectors (K1...6), with a thickness of 5 mm each, resulting
in ≈ 7 g/cm2 for stopping incident particles served for range measurements.
With high-ohmic Li-drifted silicon, a good charge collection at a relative
moderate bias voltage of 650 volts was possible. The information of the in-
strument allowed to resolve isotopes for elements from hydrogen to nickel in
the energy range from 30 to 400 MeV/nucleon.

A more recent detector is CRIS2 [5] on the ACE3 space craft [7] which
measured the isotopic composition for elements from hydrogen to zinc in
a similar energy range from 60 to 570 MeV/n. Measurements were per-
formed near the vantage libration point L1 of the Earth-Sun system, i.e.
at ∼ 1.5 × 106 km distance sunwards. The sensor system consisted of a ho-
doscope composed of three planes of scintillating fibres with six fibre layers
each in two orthogonal directions. A trigger detector used a single fibre plane
with two fibre layers. The fibres were coupled via an image intensifier to a
charge-coupled device (CCD) for hodoscope readout, and to photodiodes to
obtain fast trigger pulses. The hodoscope allowed to measure the location
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Fig. 3.4. Left : Energy loss in the first plane (E1) vs. total energy (Etot) detected
by the NINA telescope for particles fragmented from a 12C test beam [8]. Right :
Scatter plot of ∆E in 12 mm Si vs. ∆E in the following 6 mm Si from calibration
of the CRIS instrument in an 56Fe beam [5]

and

z ≈
(

k

L(2 + ε)(α−1)

)1/(α+1)

(Eα − E′α)
1/(α+1)

. (3.3)

Having measured values for E,E’ and L, typically solving begins by assuming
a A/z ratio and determining z. For low z nuclei A/Z = 2 + ε with ε #1. For
z ≤ 30 the number of isotopes is small enough and the charge can be found
unequivocally. With z being known, equ.(3.2) is solved for A. For inclined
tracks with an angle Θ, L has to be replaced by L× secΘ. This technique of
applying dE/dx versus residual energy (the ∆ E,E’ method) in the 0.1-1 GeV
region is the domain of silicon detector telescopes, see Sect. 2.3.6.

Many Si detectors are flown above the Earth’s atmosphere or in the in-
terplanetary space. As an example the detector HET1 is shown in Fig. 3.5. It
was flown on board of the Ulysses space craft [69] in the interplanetary space
far from the ecliptic plane and over the polar regions of the Sun during the
years 1991/92. The telescope consisted of 6 layers of multi-strip silicon de-
tectors (D1...6), each of 1 mm thickness, resembling the principle as sketched
in Fig. 2.33. They measured both, the energy loss in the detector by the sig-
nal on the back side and the location of the cosmic-ray trajectory through
the detector by the strip position. The position resolution achieved by this
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TRD test at CERN



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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Fig. 9. Average detector signal for a radiator composed of 51
Mylar foils (spacing: 1:5 cm) and a CRN-type fiber radiator.
Measurements are shown from MWPC 1 (open circles) and
MWPC 2 (open squares), as defined in the inset schematic. The
dashed lines indicate the trend of the data.
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Fig. 10. Average detector signal versus Lorentz factor for two
radiator configurations (see inset schematics). The open
triangles show data from MWPC 2 for a radiator with 51
Mylar foils (spacing: 1:5 cm), 5 cm of Ethafoam, and 7:6 cm of
17 mm fibers (r ¼ 40 mg=cm3: Also shown is the response from
the foils alone (open squares, see Fig. 5), and from MWPC 1
(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. 3.23. The CRN detector
inside a pressurised container
on-board the space shuttle
mission, 1985
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Fig. 3.24. The CRN detector
inside a container. The two
gas Cherenkov detectors were
operated at 1 atm with a mix-
ture of 80% N2 and 20%CO2.
The latter had been added
to suppress the fluorescence
light of N2, which would be
comparable to the Cherenkov
light in pure N2. Scintilla-
tors T1 and T2 served for
charge determination and
TOF measurements

Detector Configurations

The first application of a TRD for energy measurements was by the CRN24

detector flown on board the Space Shuttle for eight days in 1985, see
Fig. 3.23 [58]. The main components of the detector were: Two integrating
gas Cherenkov counters providing coincidence triggers, charge measurements,
and up-down discrimination by time-of-flight measurements. Figure 3.24
shows a sketch of the apparatus. The TRD consisted of six radiator lay-
ers of plastic fiber material, followed by MWPCs filled with a mixture of 25%
xenon, 15% methane, and 60% helium to measure the energy and trajectory
of the particles. The gas mixture insured an efficient X-ray absorption of
the transition radiation by xenon while minimising the relative contribution
from the ionisation signal of the primary particle, which is small in He and
CH4. The chambers were operated at a low gas amplification with 1300 V to

24Cosmic Ray Nuclei

Cosmic Ray Nuclei instrument - CRN
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The first application of a TRD for energy measurements was by the CRN24

detector flown on board the Space Shuttle for eight days in 1985, see
Fig. 3.23 [58]. The main components of the detector were: Two integrating
gas Cherenkov counters providing coincidence triggers, charge measurements,
and up-down discrimination by time-of-flight measurements. Figure 3.24
shows a sketch of the apparatus. The TRD consisted of six radiator lay-
ers of plastic fiber material, followed by MWPCs filled with a mixture of 25%
xenon, 15% methane, and 60% helium to measure the energy and trajectory
of the particles. The gas mixture insured an efficient X-ray absorption of
the transition radiation by xenon while minimising the relative contribution
from the ionisation signal of the primary particle, which is small in He and
CH4. The chambers were operated at a low gas amplification with 1300 V to
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TRACER experiment
The TRACER Detector

TRACER Overview

� Two pairs of Cerenkov and

Scintillation Detectors

� 1600 Proportional Tubes

(2cm × 2m) in 16 Layers

� Upper 8 Layers: dE/dX

in Gas (dE/dX array)

� Lower 8 Layers:

dE/dX+TR (TRD)

Scintillator

Cerenkov

Scintillator

Cerenkov

TRD

dE/dX Array

2 m 2 m

1.2 m

A. Obermeier for TRACER (UofC, EFI) Cosmic-Ray Propagation and Energy Spectra 08. July ’09 - ICRC, Lodz (Poland) 2 / 13





TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003!! ~ 40 km (3-5 g/cm2)



A. R
omeo

J.R
. H

öran
del

P. 
Boyle

G. K
eld

erh
ouse

D. M
ülle

r

D. P
ern

ik

M. A
ve

-Pern
as

TRACER Experiment



TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003!! ~ 40 km (3-5 g/cm2)





cut on Z top must be made, and the efficiency is then reduced. Nu-
merical details are given in x 5 and Table 1. It should be noted that
the tight cut on Zbot is only applied in order to determine the form
of the charge distribution on Z top. For the final analysis, only a
very loose cut on Zbot is used to remove interacting particles.
This cut leads to a negligible reduction in overall charge selec-
tion efficiency.

Finally, it should be noted that ‘‘edge’’ effects can compromise
the charge resolution. To avoid this problem, trackswith an impact
point within 1 cm of the wavelength shifter bars are excluded.
This creates a dead area in the detector of about 4% of the total
area.

4.3. Energy Analysis

4.3.1. Overview

The energy of each cosmic-ray nucleus is obtained from the
combined signals of the Cerenkov counter and of the proportional
tubes. The top four double layers of tubes measure the specific
ionization of each particle, hdE/dxi, while the bottom four double
layers detect transition radiation,measuring hdE/dxþ TRi.While
the main objective of the Cerenkov counter is to identify low-
energy particles, below the level of minimum ionization, the rapid
increase of the signalwith energy provides a good energymeasure-
ment up to about 3 GeVamu"1.

At energies between minimum ionization and the onset of
TR (3Y400 GeVamu"1), the signals in the dE/dx tubes and the
TR tubes are the same and increase logarithmically with energy.
This increase is slow and can be used for an energymeasurement
unless it is obscured by statistical signal fluctuations. The rela-
tive level of the fluctuations decreases with the nuclear charge as
1/Z. Therefore, the energy measurement improves with increas-

ing Z. Note that each individual proportional tube provides an es-
timate for the specific ionization by measuring the ratio!Ei/!xi.
Hence, for any particle, up to 16 tubes provide independent mea-
surements, and these are required to be consistent within fluctu-
ations. For the final analysis, the average hdE/dxi, as defined in
equations (1) and (2), is used.
At the highest energies (>400 GeV amu"1), the signals from

the dE/dx tubes and from the TR tubes diverge, and the rapid in-
crease of the TR signals with particle energy provides an excel-
lent energymeasurement. However, particles in this energy region
are extremely rare, being less abundant than particles in the min-
imum ionization region by more than 4 orders of magnitude. To
uniquely identify these particles, it is necessary but not sufficient
to just require that low-energy nuclei are rejected on the basis of
their Cerenkov signals. In addition, we require that the measure-
ment of their ionization energy loss hdE/dxi (performedwith four
double layers of dE/dx tubes) places them at an energy level well
above minimum ionization (for details, see x 4.3.3 and Table 2).
Thus, the combination of dE/dx tubes with the TRD tubes is cru-
cial for the success of the TRACER measurement at the highest
energies.

4.3.2. Identification of Subrelativistic Particles (<3 GeV amu"1)

To identify low-energy particles, the signals from the Cerenkov
counter are compared with those of the dE/dx tubes. The dE/dx
response, shown in Figure 1, is well described by the Bethe-Bloch
formula. The Cerenkov counter response (Fig. 1) must be slightly
modified to account for effects of !-rays generated by the primary
particle in the instrument, while the signals from the proportional
tube array remain unaffected by !-rays. These effects are well un-
derstood and have been previously studied and reported (Gahbauer

Fig. 5.—Charge histogram for all events measured in flight.

TABLE 1

Charge Selection Efficiencies

Element 8 10 12 14 16 18 20 26

Cut (charge units) .................. #0.5 #0.5 #0.5 #0.5 #0.1 #0.1 #0.1 #1.0

Efficiency................................ 0.89 0.83 0.75 0.72 0.17 0.18 0.18 0.90

Fig. 4.—Scatter plot of top scintillator vs. Cerenkov signals in arbitrary units.
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