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Abstract parison ofr* production in the simulation codes MARS

DAESALUS, the Decay At-rest Experiment féf.p at a and GEANT4 to available experimental data for protons

Laboratory for Underground Science will look for evidenceWith energies between 300 and 2502V impinging on a

of CP-violation in the neutrino sector, an ingredient irrthegr"’Iphlte target.
ories that seek to explain the matter/antimatter asymmetry

in our universe. It will make a precision measurement of TARGET DESIGN

the oscillations of muon antineutrinos to electron antineu Proton collisions in the carbon target will createres-
trinos using multiple neutrino sources created by low-coginances which then decay to create pions. Fhedecay
compact cyclotrons. The experiment utilizes decay-at-reg create muon antineutrinos, the source of the oscillation
neutrino beams produced by 800 MeV protons impingingignal, and ther~ can decay to create electron antineu-
a beam target of graphite and copper. Two well establishegdnos, the dominant background for the experiment. Pi-
Monte Carlo codes, MARS and GEANT4, have been useshs produced in the graphite travel into the copper prior
to optimise the design and the performance of the target. # decaying. Once in the copper, the's can be cap-
study of the results obtained with these two codes is preured, preventing their decay. This reduces the ratio afele

sented in this paper. tron antineutrino background to muon antineutrino signal
to~ 1073 [2].
INTRODUCTION There are many interactions that occur in the beam target

which ultimately affect the production of neutrinos. Pro-

Neutrino oscillation, the quantum mechanical ProC€S¥ns lose energy as they traverse the target material prior t

through which a neutrino created in one of three ﬂavc%teracting, potentially preventing them from producitng

St‘?t.e‘s can Ibe megsléur(_edl N ano:]her, IS gor\]/erned py thrl‘ae%onances. Protons of sufficient energy can also re-gitera
mlxmgd_f;\rng €s, a (;V'r? ating pf ?fédp)’ the neultlr)mo I_causing multipleA resonances. Before considering these
mass differences, and the ratio of the experimenta &ClRtfects, it is important to benchmark the cross-sectioast th

to the neutrino energyl(/ £). All of these parameters, ex- MARS and GEANT4 use for pion production in proton on
ceptdcp, have been measured. df p is non-zero, there carbon p — C) collisions

is an asymmetry between how neutrinos and antineutrinos
behave gnd thls_may help explain why there is more matter SIMULATION
than antimatter in the universe.

DAESALUS [1] will search for evidence of CP-violation ~ In experimental studieg, — C inelastic cross-sections
in the neutrino sector by measuring the oscillation of muo@nd pion production cross-sections are measured using a
antineutrinos into electron antineutrinos. DAEUS will  thin carbon target, with thickness between 1 - 1g76m?
measure the oscillation probability at three distances arfd 4.5 - 8mm [3] [4] [5]. We simulate a 5 mm target
use these measurements to fit the probability formula arf@ir comparison to the experimental literature. While the
extract thedp parameter. The experiment will use threePAEJALUS targets will be on the order of 1 m thick, when
neutrino sources and one large underground detector R§nchmarking the two codes with a target thickness much
make these measurements. Each neutrino source will cginaller than the interaction length of the incident parti-
sist of a compact H cyclotron that will output 800MeV  cles, we can neglect effects such as energy loss and re-
protons into a beam target made of graphite and coppéfteraction in the target.
While the graphite is the primary producer of pions in our In both the MARS and GEANT4 simulations, we count
target design, the copper effectively reduces backgrounti® total number ofr™ produced and number of inelastic
and transfers heat to keep the graphite below melting terfaroton interactions. We use these values and the simulation
peratures. geometry and proton beam parameters to derive the cross-

To design the DABALUS targets, we simulate and com- Sections we compare to experimental data.
pare the neutrino flux produced by various beam target ge-
ometries. Because the neutrino production rate, thus tIEéARS
pion production rate is our figure of merit, we must en- MARS [6] uses the Cascade Exciton Model (CEM) for
sure that our simulations agree with experimental measunaaterials with atomic mass A& 3 and energy less than
ments of pion production. In this paper, we present a cond.0 GeV. CEM considers nuclear reactions as proceeding
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through three states - cascade, pre-equilibrium, and eqUihese values are compared with the MARS model and ex-
librium [7]. First, there is the intra-nuclear cascade veherperimental data in Fig.]1. The GEANT4 models closely
cascade particles are emitted leaving the residual nutieusalign with data for energies less tharnGeV. Above this
an excited state. Second, the nucleus relaxes accordingetoergy, the data is highly varied, but is centered around
the exciton model of the pre-equilibrium decay. Third, thévoth the GEANT4 and MARS models. Since these varying
equilibrium evaporative stage of the reaction occurd[[] [8 features do not reflect nature but rather experimental,error
we use the GEANT4 models’ prediction to represent the
GEANT4 experimental data in the second half of our results.

Three independent models have been used ir
GEANT4 [9] to simulate the inelastic proton interac-
tions: the Bertini model, the Binary Cascade and the Liege 3°
(INCL) intra-nuclear cascade model coupled with the 3%
independent evaporation/fission code ABLA. 300

The Bertini Cascade Model [10] generates the final stati 2
for hadron inelastic scattering by simulating the intra- £ 2o
nuclear cascade. Incident hadrons collide with proton: & 2o
and neutrons in the target nucleus and produce secondari 20
which in turn collide with other nucleons, the whole cas- 20
cade being stopped when all the particles which can escay 10
the nucleus have done so. Relativistic kinematics is ap 10
plied throughout the cascade and the Pauli exclusion prir
ciple and conformity with the energy conservation law is
checked. This model has be_en valldateo! up to 10 Gev "Figure 1: Plot of experimental and theoretical models’ pre-
cident energy and is performing well for incident Protonsy;iiions foro- '

h . inelastic-
neutrons, pions, photons and nuclear isotopes.

In the Binary Cascade Model [11] the propagation oyt of the three GEANT4 models investigated, the
through the nucleus of the incident hadron and the secoBgtinj model predictions for the total pion production
daries it produces is modeled by a cascade series of Wy ss-section are closest to the available experimertal da
particle collision, hence the name binary cascade. Betwegie comparison of the MARS and GEANT4 model predic-
collisions the hadrons are transported in the field of the Ny, s with experimental data is shown in Fig. 2. Both codes
cleus by Runge-Kutta method. The model is valid for inCizompare well to the experimental values. We fit a third or-

dent protons, neutrons and pions and it reproduces detailggy polynomial to the experimental data to use in our final
proton and neutron cross section data in the region 0-1,ss-section comparison.

GeV.

To respond to the increasing user requirements fron
the nuclear physics community, the GEANT4 collabora-
tion set a goal to complement the theory-driven models ir
this regime (the Bertini cascade and Binary cascade bein 1o
the most widely used) with the inclusion of the INCL code
also known as Liege cascade, often used with the evap(cz *
ration/fission code ABLA[[12]. The code was validated %
recently against spallation data. It supports projectiles o
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We provide two comparisons of simulation results to ex- % 500 1000 1500 2000 2500

E, (MeV)

perimental data. First, we compare the» C total inelas-
tic cross-sectionsgineciastic, and ther™ production total
cross-sectionss,.+, for GEANT4, MARS and experiment.
Second, we compare the ratio of these cross-sections.

this paper, we compare to the experimental pion production t,4 ratio of the number of protons producing and

cross-sections from references [3], [41. [13L.[14], anBl[1 e number of protons which interact inelastically in our
and the experimental — C inelastic scattering cross- thin target is given by:

section from references [16] ard [17].
For the proton inelastic cross-section, the three theo- N+ 1—e "% g

Figure 2: Plot of experimental and theoretical models pre-
dlir(]:tions foro.+.

retical models used in GEANT4 predict the same values. N, 1—e o ~ op (1)




wheren is the number density of carbon atoms andbs REFERENCES

the thickness of the target. To obtain the righthand agy; j Ajonso et al., Expression of Interest for a Novel Search
prOXImatlon,yve Taylpr expand aroumd)verl/(naﬁ).and for CP Violation in the Neutrino Sector: DAEJALUS,
1/(noy), the interaction lengths of the two respective pro-  [arXiv:1006.0260v1 (2010).

cesses, to second order. We can make this approximatigh i | gyrman etal., Nuc. Inst. and Methods A291 (1990)621
because the target thicknessnin) is much smaller than 633.

the interaction length of either processl( m).

In Fio.[3. the GEANT4 and MARS ) ~ [3] D.R.F. Cochran, et al., Phys. Rev. 8685 (1972).

n Fig.[3, the an cross-section ratio
are obtained by dividing the simulation values in [fig. 2 bjd'] J-F Crawford, Phys. Rev. C 22184 (1980).
the simulation values in Figl 1. The “Ratio of Fits to Data’l5] S- Nagamiya, etal., Phys. Rev. C 941 (1981).
is obtained by dividing the third order polynomial fit to the[6] N. V. Mokhov and C. C. James, "The MARS
experimental data in Fig] 2 by the GEANT4 model predic- Code System User's Guide Version 15" (2010).
tion in Fig.[1. http://www-ap.fnal.gov/IMARS/

[7] K.K.Gudima, S. G. Mashnik, V. D. Toneev, Cascade-Extito

T¢" per Interacting Proton vs. Proton Energy Model of Nucl.ear Reactions, LANL
(GEANT4) (MARS) (Ratio of Fits to Data) Nuclear Physics A401329-361 (1983).
[8] S. G. Mashnik, K. K. Gudima, A. J. Sierk, M. I. Baznat, N.
V. Mokhov, CEM03.01 User Manual, LANL
LA-UR-05-7321 (2005), http://www-rsicc.ornl.gov/codesr/psr5/psr-532.htm

[9] GEANT4 - a toolkit for the simulation of the pas-
sage of particles through matter, version geant4.9.4.p03:
http://geant4.web.cern.ch/geant4/

0.5

[10] A. Heikkinen, “Implementing the Bertini Intra-Nuclea
Cascade in the Geant4 Hadronic Framework”, The Monte
Carlo Method: Versatility Unbounded in a Dynamic Com-
puting World, Chattanooga, Tennessee, 2005.

‘ ‘ ‘ ‘ ‘ [11] G.Folger, J.P.Wellisch, “The Binary Cascade”, CERN,
500 1000 1500 2000 2500 Geneva, Switzerland.
Proton Energy [MeV] [12] A.Heikkinen, P. Kaitaniemi, A.Boudard, “Implemeritat
of INCL cascade and ABLA evaporation codes in GEANT4",
Figure 3: Plot of MARS and GEANT simulation results  Journal of Physics: Conference series 119 (2008) 032024.
and the ratio given by the two fits through the experimentg{ 3} . Scheinast and L. Naumann for the KaoS Collaboration,
data. IKH Annual Report (2002) 8-9.

[14] W.R. Falk, et al., Phys. Rev. C 388 (1986).
[15] N.J. DiGiacomo, et al., Phys. Rev. C 392 (1985).

CONCLUSION [16] W. Bauhoff, ATOMIC DATA AND NUCLEAR DATA TA-
BLES 35,429-447 (1986).

Pion production calibration is crucial for ensuring ac{17] V. S. Barashenkov, et al., Fortschritte der Physik 133-6
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DAEJALUS sources. Calibrating for energies lower than
the initial proton energy is important for simulating the
pion production in thicker targets where more protons in-
teract but do so at lower than their initial energies.

From this study we find that MARS and GEANT4,
for the models presented, consistently agree on pion pro-
duction rates within 30% and that both codes compare
well to experimental data in the energy region of interest,
< 800MeV. The information from this study can be used
to reweight simulation data, such that simulated flux more
accurately reflects experimental data.

o

The neutrino flux predictions we make with these sim-
ulations will be used to decide on experimental param-
eters such as cyclotron power cycle and determine the
required running-time needed to achieve DNEUS's
physics goals.
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