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Predicting neutron production from cosmic-ray muons
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Fast neutrons from cosmic-ray muons are an important background to underground low-energy experiments.
The estimate of such a background is often hampered by the difficulty of measuring and calculating neutron
production with sufficient accuracy. Indeed substantial disagreement exists between the different analytical
calculations performed so far, while data reported by different experiments are not always consistent. We
discuss a new unified approach to estimate the neutron yield, the energy spectrum, the multiplicity, and the
angular distribution from cosmic muons using the Monte Carlo simulation package and show that it
gives a good description of most of the existing measurements once the appropriate corrections have been
applied.
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[. INTRODUCTION measurements of the neutron energy spec{i®yt?] are not
well reproduced by theoretical calculatiofis3,14]. The in-
Fast neutrons from cosmic-ray muons represent an impoierpretation of experimental data is complicated by the fact
tant background for low-energy underground experiment¢hat the neutron energy spectrum depends upon the muon
such as searches for proton decay and dark matter, and lowPectrum, which, in turn, is a function of the depth at which
energy neutrino oscillation. Unlike charged hadrons whichtheé measurement is carried on and the geometrical configu-
can be tagged by a veto detector system, neutrons usualf@tion of the underground site. There is a broad range of
cannot be identified until they are finally captured, mimick- results reported in the literature. Bartd8] suggests that the
ing the signal. The occasional neutron scattering with théPectrum of neutrons from hadronic cascade folldivs'’?
sensitive material of the detector and the long lifetime ofoetween 10 and 50 MeV, while the spectrum of neutrons
neutrons in the detector and surrounding materials furtheffom 7~ capture follows a flat spectrum up to 100 MeV.
complicate the situation. For example, the Palo Verde reactdPerkins[14] suggests that the neutron spectrum from muon
neutrino oscillation experiment found such neutrons to bepallation follows E™1° The combination of (9E 2
their dominant backgrounid], and a similar situation is ex- +6.0e"¥% has been used in a measuremgftat a shal-
pected at the ultralong-base-line detector KamLAN®Z).  low site. It has also been sugges{dd] to use proton and
Low-energy solar neutrino experiments such as SNO anfeutron spectra followin@ ~+%® as measured at accelerators
Borexino also have to estimate such backgrounds and tH@r photonuclear interactiorf{d6]. Experimentally the KAR-
understanding of neutron backgrounds may be relevant iMEN experiment reported a visible energy spectrum follow-
resolving the controversy between the CDMS] and ing e =3 for spallation neutronf12] and the LVD experi-
DAMA [4] results on dark matter searches. Finally, low-ment reported a visible energy spectrum followig®.
energy accelerator experiments at shallow depths, such as In order to put some order in this area, we have studied
KARMEN, LSND, and OrLaND, have also similar prob- the neutron yield, the neutron energy spectrum, the multi-
lems. plicity, and the angular distribution using the 1999 version of
Although the total neutron yield from cosmic muon spal-the FLUKA [17] Monte Carlo program which is expected to
lation has been measured by several experiments, contradigive an accurate description of all the processes involved. It
tory results are given in the literatufg—9]. Theoretical cal- is our intention to provide a unified approach and obtain a
culations[9—11] are also not consistent with each other andreliable estimate of neutron background for experiments at
with the data. The fact that primary neutrons, pions, andll depths. While we perform the simulation in scintillators
protons can all produce secondary neutrons through hadronig order to compare with experimental data, results should be
interactions makes analytical calculations very difficult. A applicable to other materials with similar atomic numbers.
simple cascade moddlll] suggests that the number of
nuclear cascade products such as neutrons, pions, and pro-
tons increases with the average muon energy approximately
like Efﬁ. This formula agrees with most measurements Fast neutrons from cosmic-ray muons are produced in the
[5—7] except the recent one by the LVD Collaborati@). following processes.
In addition to these problems with neutron yields, the few (a) Muon interactions with nuclei via a virtual photon

II. MUON SPALLATION MODELS
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¥ no longer be used. In addition, the interaction of the virtual
u photon with the nucleus is a collective excitation of the
Y nucleus[giant dipole resonancgDR)] rather than a single

N’ photon-nucleon interaction. This implies that the GDR

model would have to be applied to virtual photons, introduc-

N ing further theoretical and technical complications. However,
n it might be reasonable to assume that neutron production by

low-energy muon interactions is small as compared to neu-
tron photoproduction by low-energy bremsstrahlung photons

nd adds therefore only a minor contribution to the total

eutron yield.

In addition to these assumptions, there are a number of

FIG. 1. The Feynman diagram of a muon spallation process.

producing a nuclear disintegration. This process is usuall
referred to as “muon spallation” and is the main source of

theoretical uncertainty. . ; ; L
(b) Muon elastic scattering with neutrons bound in nuc|ei_problems z?\ssomated with analytical calculations: first, they
(c) Photonuclear reactions associated with electromagfannot reliably calculate all daughter products for every
netic showers generated by muons nucleus if they-N interaction is very violent so that the

(d) Secondary neutron production following any of the nucleus becomes highly excited; second, they cannot prop-
above processes. erly take into account secondary neutron production. Hence,
Processegb) and (c) are reasonably well understood while these calculations provide useful guidance and, at shal-
while (a) and(d) are the root of the difficulties described in low depths, where hadronic shower effects are small, they

previous calculations. Neutrons can be also produced frorﬂqa?' ?]ven give qLE)anntatl\(gly s((j)und Preld"l:t'qﬂf]'b'ln gen-
muons which stop and are captured, resulting in highly ex€"@ they Ca”TOt e Coni' ered particu arly re Iad e. I
cited isotopes emitting one or more neutrons. This process is Monte Carlo approaches are commonly used to properly

reasonably well understood and its contribution to total neuM0de! hadronic cascades. Currently the most complete code

; ; to describe both hadronic and electromagnetic interactions
tron yield can be calculated. All the experimental results re- : . . :
y D p to 20 TeV isFLUKA [17]. In this program, different physi-

ferred to in this paper do not include these neutrons sincd | model ible for th .

they can be easily identified and eliminated. Neutron produc9a models, orfeven.t lgenergtors_, are réa_?fponﬂ e for the varl-

tion from neutrinos is negligibly small at the depths consid-0US aspects of particle production at diferent enerfled

ered and thus is not discussed in this paper. High-energy hadronic interactions are descr]peq based on the
The muon spallation process is schematically illustrated!u@! parton model followed by a preequilibrium-cascade

in Fig. 1. The desiregk-N cross section is then caiculated as M€l In addition, models for nuclear evaporation, breakup
of excited fragments, angl deexcitation treat the disintegra-

Ny(v)O'l;i_;\tl(V) tion of excited nuclei. Hadronic interactions of photons are
O-M_N:f dv (1) simulated in detail from thresholdGDR interactionsup to
TeV energiegvector meson dominance mogeFor nuclei
up to copper, measured photonuclear cross sections in the
low-energy region are usef®1]. Hadronic interactions of
muons are based on the Weigkar-Williams approximation

14

wherev=E—E’, E andE’ are energies of initial and final
muons, andN,(») the virtual photon energy spectrum. The-

oretical calculations often treat the virtual photons accordin
to the Weizsaker-Williams approximatior{18], in which ga_s formulated by Bezrukov and_Buga@D]. A spectrum of
virtual photons is generated which interact with nuclei simi-

the passage of a charged particle in a slab Pf material prq—g\r to real photons. As a result of the above theoretical and
duces the same effects as a beam of quasireal photons. . D . . o
technical complications in the description of hadronic inter-

general expression of the Weizgar-Williams formula is . : . .
given in Ref.[10]: actions of v!rtual photons at very Ipw energies, the simula-
tion is restricted to photon energies above the delta reso-
2, =12 , , nance threshold. The implementation of hadronic
N(v)= a E°+E |nEE +PP —m interactions of muons has been shown to give reliable pre-
™ p? mv dictions for the MACRO experimen22].
In the following FLUKA is used to obtain a consistent and
(E+E")? (P+P')? P’ complete estimate of neutron production from cosmic
B 2p2 ! '(E+E’)v TP 2) muons. We model a simple cubic detector filled with liquid
scintillator C,H,,. », wheren is taken to be 10. Muons with
wheremis the muon mass, arlandP’ are the momenta of Monochromatic energy are tracked in the detector, and sec-
initial and final muons. ondary neutrons and other hadrons are analyzed.

Since in the above approximation it is assumed that the
v-N cross section is the same for real and virtual photons,
the measured-N cross section can be used to calculate the
u-N cross section in Eq.l). At low muon energy the situ- The total neutron yield is probably the most measured
ation is more complicated. Here, the virtuality of the photonquantity in our problem. There are many experimental results
becomes comparable to its energy and cannot be neglectefdom different depths which can be compared with the
It follows that the Weizseker-Williams approximation can model.

I1Il. NEUTRON YIELD
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FIG. 2. Neutron production rate as a function of muon energy.
The stars indicate theLuka simulation with a fit to the power law.
The experimental points, with the abscissa corresponding to th
average energy at the experiment's depth) 20 meter water
equivalent(m.w.e) [7,6], (B) 25 m.w.e[23], (C) 32 m.w.e. by the dE#

Palo Verde experimer], (D) 316 m.w.e.[23], (E) 750 m.w.e. ax - —a—E,/¢, (4)
[24], (F) 3650 m.w.e. by the LVD experiment at Gran Sa$8fh
and(G) 5200 m.w.e. by the LSD detector at Mont Blalr].

_ _ _ where E, is in GeV, «=[1.9+0.08log€,/m,)]

All neutrons, either primary or secondary, are included.x102 GeV/(gcm ?) and¢=2.5x10° g/cn? in rock. All
Double counting due to neutron scattering or neutron spallaknown experimental neutron-production rates are reported in
tion is Carefully avoided. Because of the limited size of th6F|g 2 a|0ng with theFLUKA predictions_ The agreement is
detection volume in the simulation, some neutrons can essybstantially better than obtained with previous calculations
cape, resulting in fewer secondary neutrons. The total nunf9,10).
ber of neutrons thus depends on the size of the detector. The Given this agreement we can proceed to extract from the
detector size has to be limited so that the muon energy l0ss i@onte Carlo simulation information on the origin of the neu-
small and the initial muon energy can be used as a constantons. This is of great interest as it can provide hints for a
To correct this problem, we run the simulation with different petter theoretical understanding of the processes involved. In
detector sizes at each muon energy and fit the neutron yieldig. 3 we show the fractional composition of the neutrons by
as a function of the percentage of neutrons which escape thgigin. As expected the fraction of neutrons from primary
detector. An exponential behavior is found and the totaprocesses such as muon spallation and real photonuclear in-
number of neutrons can be extrapolated. The corrected negeractions decreases with energy, while secondary neutrons
tron yield as a function of the muon energy is shown in Fig.from neutron and proton spallation, from pion absorption,
2. The neutron yield per muon can be fit as and from other minor processes such/asand 3 decays
increase in relative importance with energy.

The =" yield in muon spallation can be estimated from
analytical calculations more reliably than that of neutrons.

w - This is becausdl) secondary processes for neutrons are
law suggested n Retll]. . . __more importantf2) there is an uncertainty in the direct neu-

While many experiments report their results as a functiony,, production from virtual or real pions. Table | shows the

of the detector's depth underground, clearly the propef,mnarison of our simulation with an analytical calculation

physical parameter Is the mean muon energy at the detgct 0] which does not include secondary pions from hadronic
The conversion between the two quantities is not entirel Showers. In the experimental ddff@], = 's are identified

trivial as the average energy depends upon the geometry rough theirm* —u*—e* decays, and hadronic shower

the overburden, particularly in the case of deep sites. Hergetocts are not corrected for. In the pion case, good agree-
for consistency we report all eiperimental results as a funcfnent between dat&LUKA, and the analytical calc’ulation can
tion of the average muon ener@y, . For measurements per- pe seen at shallow depth, where secondary hadrons from
formed at deep laboratories such as Gran Sasso or MoBhowers are not important. We obtained the pion yield per
Blanc the conversion is given in the original pap&s8],  muon as

while for shallow sites we estimate the average muon energy

loss using the simple relatiof25] and assuming a flat
geometry: N, +=4.45<E%*> 107 pion/(ugcm ?), (5)

N,=4.145"x 10°° neutron(ug cm ?),  (3)

whereE , is in GeV. This relation is consistent with tlEéi’7
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TABLE I. Neutron and#* yields[in units of 10 %/(gcm 2?)]
per muon at different depths. Note that the analytical calculation
[10] does not include real photon-nuclear disintegration and second-
ary particles.

Depth (m) 20 100 500
Energy(GeV) 10.3 224 80.0
Yield n ot n at n ot
Anal. calc.[10] 0.87 0.30 121 045 2.08 0.86
FLUKA 25 0.31 39 052 110 151
Data[7] 3.0+0.5 0.35-0.07

whereE,, is in GeV. Again, this is consistent with tHg),”’
universal law suggested by Ryazhskaya and Zatsghih
and the results from Ref24].

IV. NEUTRON ENERGY SPECTRUM

The neutron energy spectrum is particularly controversial,
with a wide range of results reported in theoretical calcula-
tions and in the few experimental measurements. In Fig. 4
we show some of the energy spectra obtained WwitbkA.
Each histogram is fitted to the universal empirical function

dN —7E,
dE. =A E +B(E,)e %], (6)
whereA is a normalization factor and
B(E,)=0.52—0.58 0009, 7)

This simple function reproduces fairly well tifeuUKkA distri-
butions with y? per degree of freedom of 3.9, 4.5, 9.6, and
3.7 for 11, 20, 90, and 270 GeV, respectively.

We are aware of two direct measurements that can b?ru

compared to our calculations, as shown in Fig. 5. The KAR
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FIG. 4. Energy spectrum of neutrons at different muon energies
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FIG. 5. Comparison of measured neutron energy spectrum with
our parametrization.

MEN Collaboration measured the neutron energy spectrum
up to 50 MeV[12]. Within this modest range, their param-
etrization Nge 5?1+ Np,£ 5% is in a reasonable
agreement with our result. They attribute all the soft compo-
nent to muon capture but it seems that muon spallation also
produces some soft neutrons. The LVD experiment reported
a E,* spectrum[8] up to 400 MeV, also in a reasonable
agreement with our result.

Some of the theoretical estimates of neutron energy spec-
m are comparable to our results at low energies while our
calculation gives results over a much wider range of ener-
gies. For example, the power lag *°[14] andE,, %°[15]
agree with our results up to 400 MeV. Other functions, such
as (9.E, Y?+6.0e /19 [7] or that suggested by Barton
[13], are significantly different.

V. NEUTRON MULTIPLICITY
AND ANGULAR DISTRIBUTION

The neutron multiplicity is probably the least known
quantity in the neutron production problem. In most cases
muon spallation only happens once and produces only a few
primary hadrons. But these hadrons can shower and generate
secondary hadrons, including neutrons. Using our simulation
we have found that in some cases the number of secondary
neutrons exceeds 50. The average number of neutrons is
about 3 for a 11 GeV muon, and it increases to about 7 at a
muon energy of 385 GeV. Figure 6 shows the neutron mul-
tiplicity distributions at different muon energies frafoukA,
together with the universal empirical parametrization

dN
- :A[e*A(E#)M + B(Eﬂ)efc(EM)M],

dM ®
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FIG. 6. Neutron multiplicity at different muon energies together giraction at different muon energies together with our parametriza-

with our parametrization. We fing?/Npg of 0.6, 2.0,1.5, and 1.5 tion. We find y%NDF of 0.51, 0.51, 0.72 and 0.72 for 11, 20, 90
for 11, 20, 90, and 270 GeV, respectively. and 270 GeV respectively.

whereM is the multiplicity: whereB(E,)=0.69% ,°**°. Figure 7 shows the casdis-
_ —0.07E tribution at the usual set of energies together with the above
A(E,)=0.085-0.54 " © parametrization. They? per degree of freedom are 0.51,
0.51, 0.72, and 0.72 for 11, 20, 90, and 270 GeV, respec-

27.2 .
- == tively.
B(EM)_ 1+7.2e70'07(£#' (10 y
VI. SUMMARY
C(E,)=0.67+1.4e" %1%x, (11)

We obtained for the first time a complete description of
The x?’s per degree of freedom are 0.6, 2.0, 1.5, and 1.5 foneutron production from cosmic-ray muons using theka
11, 20, 90, and 270 GeV, respectively. Monte Carlo program. Results have been compared with ex-
There are only few experimental resul&§ on multiplic-  isting data and some analytical calculations reported in the
ity. The Palo Verde experiment at the shallow depth correliterature. With a few exceptions, our results agree well with
sponding to a mean muon energy of about 16.5 GeV obthe data, and our predictions cover an energy range much
served a two-neutron to one-neutron ratio between 5 and 1®roader than what has been discussed before.
depending on the assumption on three-neutron yield. Similar Analytical parametrizations have been obtained for neu-
results are also reported by Bezrukatval.[23]. These num-  tron yield, energy spectrum, multiplicity, and angular distri-
bers appear to be substantially larger thanrihe<A predic-  bution. These formulas can be used as a starting point to
tion of 2. While more data would be desirable to better un-estimate neutron backgrounds from cosmic-ray muons when
derstand this discrepancy it is possible that the data arthe muon energy spectrum is known. For detailed calcula-
affected by the incomplete efficiency matrix for four or moretions of the muon-induced neutron backgrounds in low-
neutrons, whose contribution, previously assumed smalkenergy underground experiments, a complete Monte Carlo
seems significant from our simulation. simulation is needed to account for the correlation among
There are no experimental results on the neutron angulalifferent variables and can be set up usimgka. Interme-
distribution with respect to muons. Experimental resi 2]  diate processes such as neutron scattering before neutron
on y+1C—p+X have been usdd 5] as a first approxima- spallation are also automatically taken into account in this
tion of the neutron angular distribution. The distribution is method, which has great promise to improve the quality of
expected to be forward peaked, smoothed somewhat by thgredictions.
contribution of secondary neutrons. Our simulation is well
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