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The Cosmic Ray Energetics And Mass experiment for the International Space Station (ISS-
CREAM) was installed on the ISS to measure high-energy cosmic-ray elemental spectra for
the charge range Z=1 to 26. The ISS-CREAM instrument includes a tungsten scintillating-
fiber calorimeter preceded by carbon targets for energy measurements. The carbon targets induces
hadronic interactions, and showers of secondary particles develop in the calorimeter. The calorime-
ter was calibrated with electron beams at CERN. This beam test included position, energy, and
angle scans of electron and pion beams together with a high-voltage scan for calibration and
characterization. Additionally, an attenuation effect in the scintillating fibers was studied. In this
paper, beam test results, including corrections for the attenuation effect, are presented.
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1. The structure of the calorimeter

The ISS-CREAM calorimeter consisting of a carbon target, twenty tungsten plates and twenty
scintillating-fiber ribbons layers (see [1–3]), is shown in Fig. 1 with a cross-sectional view. The
carbon target, of 19.8 cm height, initiates hadronic showers upstream with two densified graphite
blocks. The tungsten plates, each of 3.5 mm thick 50 cm × 50 cm, are below the target. A layer
with fifty fiber ribbons is placed between each consecutive tungsten layer covering the same area as
the tungsten plate. The fiber ribbon is made of nineteen 0.5 mm diameter scintillating fibers with a
width of 1 cm, while every other ribbon is mated with light guides on one side of the calorimeter
and the other half are mated to the opposite side. The scintillation light, which is generated in the
fibers by charged particles from the shower, is transmitted to a hybrid photodiode via a light mixer
and a bundle of transparent fibers [4].

Figure 1: A cross-sectional view of the calorimeter and the carbon target in the beam test configuration.

2. The beam test scan

Four detector configurations were implemented to measure the ribbon response throughout the
calorimeter. In the “No-Lead-Front” configuration, the electron beam was injected into the front of
the graphite target from the +Z-direction, while in the “No-Lead-Rear” configuration, the electron
beam was incident on the bottom of the detector from the -Z-direction by rotating the detector. In
order to maximum the shower in the first few, and the last few layers, 2.5 cm-thick lead bricks were
placed in front of the calorimeter, in the “Lead-Front” and "Lead-Rear" configurations (see Fig.2).

The energy deposit to each ribbon’s beam response, is estimated in theMonte Carlo simulation.
The calibration factor on each ribbon is generated with comparing the ADC from beam test
measurement and MeV from the Monte Carlo simulation. Additional corrections to the calibration
factor were made, including attenuation corrections and gain corrections.

The ribbon is calibrated with a 150 GeV electron beam, which has a Gaussian distribution
profile with a standard deviation of ∼4.6 mm [5]. Ribbons in the 22nd position from the -X side
of odd layers in the calorimeter were exposed to beams as shown in Fig. 3. The calorimeter was
moved by 1 cm along the X-direction to expose the next ribbon center to the beam. Measurements
were repeated for all fifty ribbons in the odd layers, and similarly, the measurement was moved by
1 cm along the Y-direction to expose the even layer ribbon centers to the beams.
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Figure 2: The configurations of beam test scan. The left one is the “Lead-Front” configuration, and the
right one is the "Lead-Rear" configuration.

Figure 3: An illustration of the beam hit positions and part of the top two layers of the calorimeter ribbon
layout. The black filled circles represent the incident electron beam spots. Layers with ribbons aligned
along the ±Y-direction are exposed to beams by moving the hit-position along the ±X-direction. Layers
with ribbons aligned along the ±X-direction are exposed to beams by moving the hit-position along the
±Y-direction.

When the beam-hit ribbon position is moved along the X- or Y-direction, ribbon orthogonal
to the moving direction is changed with that, but ribbons parallel to the moving direction do not
change. Data were analyzed at 50 positions with 1 cm intervals from one end to the other, and the
attenuation effect was studied using ribbons laying parallel to the moving direction in the beam-scan
data.
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3. Attenuation Effect Measurement

Two modes are considered when the scintillation light transmitting in the fiber: the total
reflection with an incident angle greater than or equal to the critical angle, and the reflection with
incident angle less than the critical angle. The intensity decrease with distance to the readout Δ(G)
is described by the attenuation function [6]

A = A0 × f (Δ(x), n , _1, _2) = A0 × ne−Δ(x)/_1 + A0 × (1 − n)e−Δ(x)/_2 , (1)

where f (Δ(x), n , _1, _2) is the function related to the transmission and A0 is the intensity at the
readout position. The term A0 × ne−Δ(x)/_1 represents the transmission of reflection with incident
angle less than the critical angle, and _1 is the attenuation length for this mode, while the term
A0× (1− n)e−Δ(x)/_2 is the transmission behavior of total reflection, and _2 is the attenuation length
for this mode. We denote n as the proportion parameter for the two modes. After parameters (n , _1,
_2) of the attenuation lengths of ribbon 22 in all 20 layers are generated, we apply the most probable
attenuation lengths, which are found to be _1 = 3 cm and _2 = 250 cm, to all 1000 ribbons.

4. Attenuation Effect Correction

The energy deposit is position-dependent due to the attenuation effect. In order to correct that,
we consider a primary particle at a random position [x, y]. Thus, the corrected energy deposit can
be expressed as

Ec(x,Δ(xc),Δ(x)) = A(x) × X(xc) × f (Δ(xc))/f (Δ(x)), (2)
Ec(y,Δ(yc),Δ(y)) = A(y) × X(yc) × f (Δ(yc))/f (Δ(y)) (3)

in even and odd layers, respectively. The signal intensities A(x) and A(y) come from the measure-
ment of a primary particle at [x, y], while the calibration factors, X(xc) and X(yc), come from the
beam test measurement at [xc, yc]. The expressions f (Δ(x)), f (Δ(y)), f (Δ(xc)), and f (Δ(yc)) take
the form of Equation (1) and parameters (n , _1, _2) can be fitted. In fact, f (Δ(xc)) and f (Δ(yc))
represent the correction of the signal responses of the beam test in even and odd layers, while
f (Δ(x)) and f (Δ(y)) represent the correction of the signal response of the primary particle.

The energy response fraction is determined by summing over all calorimeter ribbon energy
deposits and dividing by the known beam test incident energy, and with that, the incident energy of
a primary particle can be determined through its energy response. The energy responses for various
electron energies, pion energies are shown in Section 5 and 6, while the energy response for high
voltages and incident angles can be found in [7].

5. The Energy Response for Electrons

The ribbons’ responses were measured with electron beams with increasing energies from 50
GeV to 175 GeV. The distribution of the energy deposits with increasing energies are shown in Fig.
4 with attenuation correction. Gaussian function fits are used to determine the energy deposits.

Fig. 5 (left) presents the energy deposit in the calorimeter as a function of the incident electron
beam energy. The response is linear with increasing electron energy. With attenuation correction,
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Figure 4: Energy deposited in the calorimeter by electron with beam energies of 50, 75, 100, 125, 150, and
175 GeV, which are distinguished by symbols and colors explained in the inset.

Figure 5: The mean energy deposit (left) and the energy resolutions (right) as a of the incident electron
beam energies, for both the beam test data (filled red circles) and the MC simulation (open blue squares).

the slope is found to be 5.74 MeV/GeV, and the total energy deposit with a 150 GeV incident
beam is 860 MeV. The result is consistent with the beam test result of the previous balloon-borne
CREAM calorimeters [9].

The energy resolution with respect to the incident electron beam energy is shown in Fig. 5
(right), and it is fit to a quadratic sum function of fE/E(%) = 85/

√
E(GeV) ⊕ 1.4. The energy

resolution is found to be 11.4% at 50 GeV and improves with increasing energy, reaching 6.4% at
150 GeV. The improved energy resolution at higher energy is due to the greater number of shower
particles generated in the calorimeter compared with that for low energy electrons.
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6. The Energy Response for Pions

The ribbons’ responsesweremeasuredwith pion beamswith energies from 250 GeV to 350 GeV
to characterize the calorimeter’s energy response to incident hadrons. A pre-selection cut requiring
events with significant signals in the first three layers of the calorimeter is performed to obtain only
pion events that interacted in the carbon target. The distribution of the deposited energy from pion
beams is Gaussian, and as an example, the one with incident energy of 300 GeV is shown in Fig. 6.

Figure 6: Energy deposits in the calorimeter for pions with the incident energy of 300 GeV. The distribution
is fit to Gaussian function (red curve).

Figure 7: The mean energy deposit (left) and the energy resolution (right) as a functions of the incident pion
beam energies, for both the beam test data (filled red circles) and the MC simulation (open blue squares).

Fig. 7 (left) shows the energy deposit in the calorimeter as a function of the incident pion
beam energy. The response is found to be linear with attenuation correction, with a slope of
1.92 MeV/GeV, 1/3 of the slope of the electron beam. This is consistent with theoretical ex-
pectations: when cosmic-ray particles (mainly protons) interact hadronically with the calorimeter,
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averagely 1/3 of the energy of the primary nuclei are converted into neutral pions c0, which then
each rapidly decay into two photons [10]. The result agrees with our previous results from the beam
tests of balloon-borne CREAM calorimeters [11].

The resolution as a function of the incident pion beam energy is shown in Fig. 7 (right). With
attenuation correction, the resolution is found to be around 47.8%, which is energy independent.

7. Conclusion

The tungsten scintillating-fiber calorimeter for the ISS-CREAM was calibrated with electron
beams at CERN. We implemented scans of electron with a 150 GeV electron beam to characterize
its energy response. The attenuation effect due to the hit positions on fiber ribbons was corrected.

It was confirmed that the energy responses are linear for electron beams with a energy range
from 50 GeV to 175 GeV and pion beams with an energy range from 250 GeV to 350 GeV. These
were available beams for the detector calibration at CERN, but the linearity of measurement energy
range can be further validated with the heavy-ion beam test and MC simulation results [12]. The
method of the attenuation correction introduced this paper are being used for flight data analysis.
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