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Space based calorimeters: Heavy ion simulations
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Abstract. The Advanced Cosmic-ray Composition Experi-
ment for the Space Station (ACCESS) is baselined with ar HeliumL

ionization calorimeter for high-energy cosmic ray composi- - ; I cm
tion measurements. We have developed GEANT-based simt s iy i .
lation models of the instrument to study its performance. The AR VO A .
original GEANT code was developed primarily for acceler- ' L ;
ator colliding proton beam experiments, and doesn’t handle
incident nuclei heavier than protons. To study the detectol
response to 2 1 cosmic rays, we thus had to develop a sep-
arate code for heavy ion interactions and fragmentation, t¢ = j=—
be interfaced with GEANT. Below we present results of our  sj matrix
simulations of the ACCESS baseline calorimeter response ti scintillators
heavy ions.
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1 Introduction

The ACCESS mission will measure the energy spectra of inig. 1. Cross-sectional view of the ACCESS baseline configuration.
dividual elements from hydrogen to iron in cosmic radiation Overlayed is a simulated 500 GeV He event.

approaching the knee region (Gaisser et al., 1998), which is

crucial for understanding the acceleration limit in supernova

blast waves. The baseline design of ACCESS shown in Fig. 11984). Refer to Kim et al. (1999) for the detailed procedure
employs a Charge Identification Module (CIM), a Transition and a comparison with accelerator data. In this paper, we
Radiation Detector (TRD) and a thin calorimeter to measurepresent results of our simulations of the ACCESS baseline
the charge, velocity and energy of cosmic rays with energiesalorimeter response to heavy ions.

up to approximately 10 eV. For heavy ions (Z> 3) within

both the TRD and calorimeter aperture, the TRD measures

the Lorentz factor by determining the yield of transition ra- 2 ACCESS Baseline

diation, and the calorimeter measures the energy deposit of ) ) ) )

the showers initiated by them. The unique combination ofigure lillustrates the ACCESS Baseline configuration. The

detectors provides a direct cross calibration of both detector$!M 1S similar to the Silicon detector sitting directly above

for a subset of nuclei in an energy region which is inaccessi-the calorimeter target. Both are silicon matrices with suitable

ble by terrestrial accelerators in the near future. pixel size to distinguish the charge of the primary cosmic
To study the calorimeter showers initiated by heavy ions,ray fr'om the abundant back-splash parﬂcleg associated W'.th
several event generators for relativistic ion interactions, calorimeter showers. The TRD consists of six layers of radi-

FRITIOF, RQMD etc., were implemented and interfaced withators plus proportional tubes to record the TR signals, with

the widely used simulation package GEANT (Brun et al scintillators for triggering the subsystem. The calorimeter

includes a one interaction-length thick target of inert carbon
Correspondence tal. Z. Wang (jzwang@glue.umd.edu) followed by a Bismuth Germanate (BGO) calorimeter with
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laterally oriented crystals in crossed layers. The thickness offhis model, developed by Tripathi et al. (1996), is a univer-
the BGO is 27 radiation lengths which will provide an en- sal parameterization method for reaction cross sections, and
ergy resolution better than 35% over the entire energy rangean be used for any system of colliding nuclei. In the LaRC
of ACCESS. The scintillators in the calorimeter module pro- model, the reaction cross sectiog can be expressed by the
vide a fast event trigger and some additional information, i.e. formula

charge measurement to supplement the Si matrix and track-

2
ing information in addition to BGO crystals. The calorime- or = 77§ (A}a/g + A1T/3 + 5E> (1—B/Ecn), (1)
ter Si matrix provides charge measurements even for many ) o
events which do not pass through the CIM module. where p = 1.1 fm, A, and A, are respectively the projectile

The TRD has a large geometry acceptance of8miThe and target mass numbers, ang,Hs the colliding system
calorimeter is designed with optimized target shape and massenter-of-mass energy. Tlhig term represents two effects:
allocation between the carbon target and the BGO crystalsiransparency and Pauli blocking at intermediate and higher
The raw geometry factor of the calorimeter is 0.93sm The energies. The last term is the Coulomb interaction term with
overall interaction probability for protons within the geom- B representing the energy-dependent Coulomb barrier. We
etry is about 70%, increasing with higher incident charge tohave compned expenmental cross section data for deuterons,
near 100% for Fe nuclei. About 63% of calorimeter events@nd helium nuclei and have used them to tune the LaRC
(0.57 n?sr) will pass through the CIM and the entire TRD, model. Refer to Wang et al. (1999, 2001) for a detailed dis-

and those events could be used to cross calibrate both instrGUssion. _ _ _ _ )
ments. Assuming the power law spectra of proton, helium Table 1 summarizes the interaction fractions of vertically
and all particles (Wiebel et al., 1998) measured at low en-ncident protons, He, C and Fe at different instrument depths.
ergies can be extended to 1 PeV (@) and above, the Alarge number of events, more than half in the case of Fe, in-
calorimeter is expected to detect at least 10 protons, 30 he€ractinside the TRD or CIM modules. An algorithm to iden-

lium nuclei and 45 heavy nuclei (2 3) with energy above tify particles interacting in the TRD but not passing through
1 PeV. the CIM has been developed (Wang et al., 2000), and the data

are being analyzed with this algorithm.

3 Simulation . e . L
Table 1. Fraction of events with first interactions in different mod-

3.1 Heavy ion simulation in the GEANT framework ules.

The GEANT code (Brun et al., 1984) was developed primar-

. - . . Modules CIM TRD Carbontarget BGO calorimeter
ily for accelerator colliding proton beam experiments. Since

. . . 0.005 0.12 0.61 0.19
GEANT does not accommodate the simulation of heavy ions, ﬂe 0009 022 071 0.05
we have interfaced GEANT with the hadronic simulation 0'_02 0.'35 0..63 O
packages FRITIOF/RQMD for heavy ion simulation (Kim gg 0.04 060 0.36 0.

et al., 1999). FRITIOF (Andersson, 1993) is based on semi-
classical considerations of string dynamics for high energy

hadronic collisions. RQMD (Relativistic Quantum Molec-

ular Dynamics) was adopted for our simulations of heavy

ions for energies in the center-of-mass frame less than 1@ Results and Discussion
GeV/nucleon. RQMD is a semi-classical microscopic ap-

proach which combines classical propagation with stochas4.1 Energy response and resolution
tic interactions, and it successfully describes the available

single-particle spectra at the AGS and CERN (Sorge, 1995)_U_sing the simulation code developed for this study, we have
To adapt GEANT for heavy ion simulations, two interfaces simulated the energy response and resolution of the ACCESS

were made. One was to implement the NASA Langley Re-Paseline instrument for several abundant cosmic-ray heavy
search Center (LaRC) model (see next subsection) for delONS With energies from 100 GeV to 10 TeV. Figure 2 shows
termining interaction probabilities for heavy ions. The sec-the distribution of energy deposition of 1 TeV protons, He,

ond was to embed FRITIOF/RQMD into GEANT to perform C and Fe as simulated using the FRITIOF complete frag-
heavy ion fragmentation. mentation model. Only events first interacting in the car-

bon target were selected. The mean energy depositigh (E
3.2 Nuclear interaction probability is about 46% of the primary energy for protons. This frac-

tion is slightly smaller for heavier ions and is about 36% for
Our simulations required cross sections covering various tard TeV Fe nuclei. This is due to the fact that heavier ions
get materials from low Z to high Z (e.g. carbon, aluminum, have more ionization energy loss in the detector materials
scintillator (hydrogen), and BGO) with heavy ion beams in above the BGO calorimeter, and that some nucleons from
the energy range from tens of GeV to above 1 PeV. The LaRGhe complete fragmentation of heavy nuclei pass through the
parameterization method was introduced for this purposecalorimeter without further interaction. As shown in Fig. 3,
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Fig. 2. Energy deposition in the BGO calorimeter for 1 TeV pro- L
tons, He, C and Fe respectively. 10 -1 v
A v o ]
the energy dependence of the mean energy deposition is al- - ]
most linear over the entire simulated energy range. The en- i T
ergy resolution £/E,,,, whereo is the standard deviation of i T
the energy deposit distribution) is presented in Fig. 4 for pro- Lol I Lol  S— Ll yE—
tons, He, C and Fe. The heavy ion energy resolution is much 10 10 10
better than that for protons (about 32%), improving with in- Kinetic Energy (GeV)

creasing atomic number.
Fig. 4. Energy dependence of the energy resolution for protons (cir-

4.2 Complete fragmentation vs. minimum fragmentation cles), He(upward pointing triangles), C (squares) and Fe (downward
pointing triangles).

Two different fragmentation models were considered in

FRITIOF: (1) complete fragmentation, and (2) minimum frag-

mentation. The complete fragmentation model is similar toshows that both models produce similar results for 1 TeV he-

the superposition model. The incident nucleus is fragmentedium nuclei. When the mass number increases, the nucleons

completely into individual nucleons during the first hadronic are bound together more tightly. The minimum fragmenta-

interaction with the detector. In the minimum fragmenta- tion model employed here underestimates the degree of nu-

tion model, some nucleons are knocked out from the inci-clear interactions, so the simulated calorimeter leakage has

dent heavy ion during each interaction, and the residual nufarger fluctuations than experimentally observed. Figure 5(b)

cleus remains intact as a single fragment. Nucleons in lightindicates a difference in the energy deposit of incident carbon

ions, such as He, behave much like free nucleons. Figure 5(a&)uclei for the two models: specifically, as expected, mini-
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Fig. 5. Mean backscattered energy density in the Silicon detectorFig. 6. Energy deposition in the BGO calorimeter for 1 TeV (a) He
at the top of the calorimeter as a function of distance from the pri-and (b) C nuclei. Solid lines represent complete fragmentation and
mary trajectory. The data points are as follows: circles, protons;dashed lines represent minimum fragmentation.
upward pointing triangles, He; squares, C; and downward pointing
triangles, Fe.
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These data are obtained from events interacting in the car-

bon target. The figure shows the gradual rise of backscat-

ter energy density with the primary atomic numbers as ex-

pected. Since the energy deposit of the primary particles

is proportional to 2, and most of the albedo charged par-

ticles are relativistic (several MeV) electrons that result from

back-scattered gamma rays, the influence on the charge mea-

surement for high-Z primaries is much smaller than it is for

primary protons.

4.3 Backscatter effect



