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Neutron production by cosmic-ray muons at shallow depth
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The yield of neutrons produced by cosmic ray muons at a shallow depth of 32 meters of water equivalent has
been measured. The Palo Verde neutrino detector, containing 11.3 tons of Gd loaded liquid scintillator and 3.5
tons of acrylic, served as a target. The rate of one and two neutron captures was determined. Modeling the
neutron capture efficiency allowed us to deduce the total yield of neut¥ggss (3.60+0.09+0.31)x 107 °
neutrons per muon and g/éniThis yield is consistent with previous measurements at similar depths.

PACS numbd(s): 13.10+4q, 13.60:-r, 29.40.Mc, 98.70.Sa

I. INTRODUCTION where the average muon energy~40 GeV, the smooth
trend was confirmed by measurements with relatively small
In the present work we report the results of a new meadetectors without much Shle'dlng against the neutrons pro-

surement of muon-induced neutron production at shallowduced outside therfiz,11]. In the more recent experiment

depth, based on the Palo Verde neutrino deteidbrEven [11], the single a_nd double neutron yields were determined
separately, and pion production by muons was also observed.

though the device was designed for a different purpose : . X
) = ) One drawback of that experiment, possibly present in the
namely the detection of reacteg, it was possible to operate qther ones as well, is the difficulty of distinguishing between
it in @ mode suitable for the identification of muon-induced neytrons produced in the detecthe intended source of
neutrons. neutron$ and neutrons produced outside by the muon-
Neutrons and other hadrons produced by cosmic-raynduced showers. In fact, in RdfL1] it has been estimated
muons in the Earth are an important and unavoidable souragat half of the detected single neutrons originated in hadron
of background for underground low rate experiments.showers outside the detector volume.
Knowledge of the rates for these processes is an essential The theoretical description of this background process is
part of understanding backgrounds in neutrino detectors andsually based on the assumption that the electromagnetic in-
other low counting rate experiments. For example, sinceeraction of high-energy muons with matter can be modeled
muon-produced fast single or multiple neutrons can mimidoy replacing the exchanged virtual photon by “equivalent”
the correlated signature of inverse neutron beta decayeal photons and using known photo-nuclear reaction cross
searches for neutrino oscillations at nuclear reacf@rg]  sectiong12]. The analysis is complicated, since in order to
must cope with this source of background. Other neutrinaelate the theoretical neutron production yield to measure-
and proton decay experiments, as well as dark mattement, the propagation and possible cascade multiplication of
searchegeven though often at greater depthave to cope all reaction products must be understofEor example, a
with this source of background as well. The CDMS experi-7~ produced by a muon will make more neutrons, as does
ment, for instance, is searching for cold dark mafgdr and  the (n,2n) reaction, etd. While the smooth variation noted
is presently at shallow depth; muon-induced neutrons repreabove for the neutron reaction rate versus depth is supported
sent a major source of background. Low-energy acceleratan some calculationgl3], other approaches come to different
neutrino oscillation search¢4,5] are usually performed near conclusions[14,15. In particular, Ref.[15] was devoted,
the Earth’s surface where muon-induced neutrons are a sigmlike the others, to the relatively shallow depth relevant for
nificant source of background. Another example is the prothe present work. In that work, the calculated neutron yield
posed ORLaND neutrino detector at the Spallation Neutronwas smaller than the measured ¢h&], while the calculated
Source at Oak Ridge National Laboratd6] which is also  and measured™ yields agreed with each other. One should
planned to be at shallow depth. also keep in mind that while the theoretical description
Despite the importance of the subject, relatively little re-quoted above deals with the muon-nucleus interaction in-
cent progress has been reported. Several measurementsvelving the exchange of a virtual photon, neutrons can be
the neutron production rates at various depths conducted ialso produced by nuclear interactions involving real brems-
the past suggest a smooth dependence of the neutron yield strahlung photons, and electron-positron pairs created during
depth or, equivalently, on the average muon engity9l. the passage of muons through mati{dthe present experi-
However, a more recent measurement by the LVD Collaboment cannot separate neutrons created by interactions involv-
ration [10], resulting in a smaller yield, is in disagreementing virtual photons from those produced by interactions of
with this simple dependence on depth. At shallow depthreal photons.
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Il. EXPERIMENT duced neutrons can be neglected, as indicated in(Bq.

. Moreover, as will be shown below, thetal neutron yield
The measurement of the neutron production rate was per-

formed at 323 meter-water-equivalerimwe) depth using Yiot=Y1+2Y5+3Y5 (2
the Palo Verde neutrino detector. The detector and its opera- . . ! .

tion is described in detail in Ref1]. Briefly, the apparatus 'S €ssentially independent of the rafity/Y», i.e., on the
consists of 66 acrylic cells, each 9002.7x25.4 cn?. These assumed value of’s, while the deduced single and double
cells are filled with liquid scintillator loaded with Gd 0.1% N€utron yieldsy,; and'Y;, depend on that ratio significantly.

by weight, for a total scintillator volume of 11.34 tons. The Thus, the final results of the present experiment will be ex-
ressed as the measurementygy;.

acrylic material has an aggregate mass of 3.48 tons. Muor® Note that the quantitie¥,, and thus alsdf,y,, contain

can Fhus spgll either in the _scmt|llator volume or in .th.eall processes that lead to the productiori oeutrons by the
acrylic material, and the resulting neutrons cannot be distin

ished b N h q q h gluon. Thus, if the muon createsma (or any other particle
guished by source. Neutrons, when moderated to thermalycent g neutrorwhich then, in turn, creatdsneutrons, all

energies, are preferentially captured on Gd, resulting#8a  4f the neutrons, regardless of source, contribut¥ toThis

MeV gamma-ray cascade, the characteristic neutron captug,mewhat awkward definition is necessary since the evalua-

signal. The central active detector volume is surrounded by g5 of the efficiencies, | is based on a code that tracks just

1-m-thick water shield, and the outermost layer of the detecyq ,tron propagation in the detector.

tor is an active muon veto counter providingr &£overage. The neutron capture events were recorded in two runs,
Since the apparatus was intended for the detection of r&s5.n apout half of a day long. The raw muon veto rate was

actor neutrinos, it was not optimized for the neutron yield 4t 2 kHz and the rate of muons which went through at
measurement. For the present purpose special runs were pglaqt three cells of the central detector and caused two or

formed Wit_hout the trigger rejection of the cos_mic rays. Theqore detectable veto hits in the firstecond run was 270

throughgoing muon sample was selected off line such that 8b75) 1z, These two runs are essentially equivalent, and the

least two veto hits were recorded. Only muons which at thg51 total number of muons was determined to Ne
very similar in both runs.

same time went through at least three cells of the central 1 4o 1¢7
detector were included. The delayed neutron capture events, 1o aver,age path lengtof the muons is estimated with
& simple ray-tracing Monte Carlo simulation, starting from a

recognized by their energy deposit, are of two kinds: Th
cog 6 zenith angle distribution(On the flat terrain at the

“single bank” events, where only one neutron capture can

didate event occurs following the veto hit, and the “two shallow depth of~30 mwe the cos@ was checked to be

bank” events, which have two neutron capture candidate,yeqate. Moreover, the value Xfis not very sensitive on

events following t_he muon(The detector electronics is not the assumed angular distributipihe resultingX was 125

capar\]ble of recorgmg more than tvr\]lo corregated (;,'v;nts. g/ent for the central detectdi.e., the scintillator, the acrylic
The measured quantities are the numbers of sildl§ ( ;eis and the small amount of other materialsi, F8 in the

and double heutron-capture eventé,] associated with\,, entral detectdrand 317 and 62 g/chror the water shield
muons traversing the central detector. The average pal d veto counter, respectively

!ength of these muons in the central detectaX isneasured The neutron capture eventg, were selected using cuts
in units of g/cnf). Since some of the neutrons could havesimilar to the neutron part of the neutrino sigral. For

been created in the water shield or in other external detect(gingle neutron events a time cut of 10—16 between the
parts, correction factorQ,<1 are applied tNx, k=1,2. 55" myon event and the neutron capture event was used,
Finally, the neutron detection efficiencieg, are introduced. | hila for two neutron events only the lower limit of 1s
Here, e.g.¢, i the probability that one neutron was created,y a5 kept, the upper one being irrelevant. The time between
and one detected, while, , is the probability that two neu- e two neutron capture events was restricted to 5-1€0

trons were created and only one detected. If all these quaRhg energy distributions of all neutron events had identical
tities were known, one could define neutron yieMs etc. shapes within statistics.

(per muon and g/ch), wherel is the number of neutrons,
which are independent of the detector properties and ob
the relation

There are several contributions to the live time correction
Hhctors €229, The largest one, which affects primarily the
single neutron events, arises since the initial information is
overwritten when another muon strikes the veto after the first
N Xeda 3 neutron event was recorded and before the end of theu450
Ne=—"—"—-2> Y, (1)  time interval during which the data acquisition system
Q« =1 (DAQ) waits for the second neutron event. Combining the
correction for this effect with other dead time corrections, the
Here €929 is the detection livetime correction which in this resultinge§®®=30.8%(27.8% for one-neutron events in the
case depends on the number of detected neutron-like everfisst (second runs, and e3?9=72.4% (70.3% for two-
k. neutron events. The difference é*? between the two runs
Obviously, since only two quantitiesl; andN,, are mea- is caused primarily by the-8% change in the raw muon
sured, only two yields can be determined, and the systemate.
above cannot be solved without approximations. It is as- The distribution of the time interval between the muon
sumed further that the contributions from four or more pro-and the single-neutron event is shown in the top panel of Fig.
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FIG. 1. Top: the distribution of time between muon hits and the  FIG. 2. Top: the distribution of the elapsed time between the
single-neutron capture events, fitted to the exponential function, Egwo capture events with the two-veto-hit pattern for the double-
(3). Bottom: the distribution of time between muon hits and the firstneutron events with an exponential fit, E§). Bottom: the distri-
neutron capture events for the double-neutron events with an expdution of the elapsed time between the two capture events for the
nential fit, Eq.(3). In both panels the Monte Carlo simulation is subset of the double-neutron events with three veto hits. In both
shown as a histogram, and the fitted time constaptand 7, are panels the fitted time constantg and 7, are displayed.
displayed.

volved). This feature suggests that the data sample contains a
1, while the lower panel shows the same distribution for thenon-negligible component with more than two neutrons.
first of the two neutron events. The fitted curves are of thgAgain, 7, is noticeably smaller in the lower panel, for the

form same reasons as in Fig) 1.
_ —t/T —t/T —t/500 us
F(t)=(ae " +ae T2+ag)e T ®) lll. EFFICIENCIES
Here r,=28.8+1.0 us for the single neutron case whitg While the evaluation ofN,, N;, Nj, and X is rather

=11.8+0.4 us (not very far from half of the previous,, the  straightforward, the determination of the efficiency matrix
value one expects for two neutrorfer the double neutron ¢, is somewhat model dependent. This is because, in order
case are the characteristic neutron capture times. Both agree calculateey |, one needs the initial energy and angular
quite well with the Monte CarldMC) simulation, as seen in distributions of the created neutrons, both of which are
Fig. 1. The presence of the time constagts related to the poorly known. In practice, a number of physically plausible
inhomogeneous nature of the detector. Some neutrons entassumptions are made about these distributions, and the
the acrylic, where there is no Gd available for captures, thuspread among the resulting efficiencies yields a measure of
prolonging their capture time. The smaller valuergfin the  the systematic uncertainty. Once the neutron initial distribu-
lower panel(double-neutron eventseflects the overall re- tion is chosen, the Monte Carlo simulation of the neutron
duction of the capture process in the multineutron eventstransport developed for the neutrino experimgiitis used.
Finally, the last term, with a fixed time constant of 528,  The detector geometry, materials and electromagnetic inter-
represents the accidental backgrogb@o us is the average actions are simulated usingeEANT [16]. Hadronic interac-
time interval between successive mupridsing such a fit tions are simulated bgrLUKA [17] and the low energy neu-
one can subtract the accidental background in the relevamton transport bycCALOR [18].
time window, and calculate the corresponding correction for To evaluate the quantities; ; and €, ; initial single neu-
the described choice of the time cuts. trons were distributed randomly in position and initial angles
In Fig. 2 the distribution of the elapsed time between thethrough the detector volume. For the initial energy distribu-
two neutron capture events is shown, and again fitted to thtton, several possibilities were used: the exponential distribu-
same functional dependence, H). (The distinction be- tion exp(—E/39 MeV) as proposed by the Karmen Collabo-
tween the top and bottom panels is explained belé¥ere,  ration [19] and functions with the power dependerige,
the time constant;=18.1+1.0 us in the top panel is sub- 0.5<x=<2 (se€[20]). These cover the shape followifg >
stantially smaller than the, obtained by the MC simulation suggested by experience with photo-nuclear processds
(7)'°~29 us, as expected if only two neutrons are in- All of these distributions result in similar efficiencies. Using
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the spread of the calculated values as a measure of the sy8as used. It is important to note that the uncertaintie® pf
tematic error, and taking a simple average as the most prolare strongly correlated with the error in the efficiencies.

able value, one obtains The effect of the neutron component of hadronic cascades
created outside the veto, and coincident with the muon which
€;1=0.20+0.03, €,,=0.007+0.004. 4 created them, remains to be determined. The ratio of muons

making three hits in the veto, thus involving more than one

Note that the probability that a single initial neutron will particle, to the prevalent case of the two hits was employed
result in two neutron captures, characterizedehy, is quite  as a measure of the frequency of showers. This ratio was
small. 6.7£0.3% and 7.30.3% in the first and second runs, re-

The determination of two neutron efficiencies is evenspectively, i.e., about 7% of muons entering the veto were
more difficult, since it depends on the energy distribution ofaccompanied by a shower.
both initial neutrons. To evaluate the quantitigs, and e, , To see that the “triple-veto-hit” events are really differ-
two neutrons were created at the same random point aneht from the standard throughgoing muons with just two veto
with random directions for each of them. Two extremes werehits, one can form ratioR,,
considered. In the first, the total energy of the neutrons fol-
lowed one of the previously described functions used above Nshower ytotal
in the single neutron case. This initial energy was distributed k:;'
randomly between them(Essentially the same efficiency NZ“OWGVN;f"a'
was obtained if the two neutrons shared the initial available

energy equally. The other extreme is obtained if both neu- \hich represent a quantitative measure of the neutron con-
trons each have the energy distribution used in the S'”gl?ent of the showers. The measured valuesRye 2.0+ 0.1
neutron case; .e., the total neutron energy is on averagg,qp, -4 4+0.2, both significantly larger than unity. Thus

twice as large. The spreddot very large was again used in o snower events indeed are richer in neutrons, particularly
the averaging and in the estimate of the systematic errokn the two neutron sample

resulting in Moreover, the double neutron events with three veto hits
have distinctly different time structure than the more com-
mon ones with just two veto hits. This is shown in the bot-
tom part of Fig. 2 for the interevent time, i.e. the elapsed

Note that there is a sizable probability that only one N€U3ime between the first and second neutron captures. The cor-

tron Is detected Whe_n two were initially created. None of theresponding time constant; for the three-veto-hit events is
previous analyses, in particular R¢L1], took that into ac-

¢ Next has t ider th ibility that th significantly smaller than for the two-veto-hit events, show-
count. INext, one has lo consider the possibility tha re‘?ng that the shower events have a large multineutron compo-

ge?tr?nj v'\&ere_ spallgd tt)?]/ the muon, bué ?rr]llytone orttwo WeTSent. A similar effect is present when the capture time of the
etected. Again, using the average and the two extréme pPOgiqi heytron is considered. It is therefore likely that the dis-

sibilities to divide the available energy among the three neuérepancies between data and simulation in the time depen-

trons, one obtains dence of the interevent time interval, noted above, are the
consequence of a multineutrohX2) component in the two
bank events.

It is important to realize that these efficiencies are not much Since the shower events contain an unknown number of
L neutrons created outside the detector volume, they are ex-
smaller than those for the initial one or two neutrons. Thusbluded from further consideration
the effect ofY3 should be consideredThe effect of four and '
more neutron spallations will be neglected, however.
The correction factor®), that exclude neutrons created IV. RESULTS

outside the central detector volungiee. in the water shield )
In the first run, the observed numbers of neutron captures,

since the effect of the veto is negligibléut captured there, )
must be determined also. To do that, the efficiencies for eacfP"ected for the random background and with the effect of

passive volume were determined using the same Mont8NOWers subtracted, wer#l;=3916+66, N,=828+29,

Carlo code as for the case of the central detector. Tpgn While in the second rum, =3451+ 62, N,=829+29. The
were determined from two runs, which were separated in time by 10 months, give

consistent results when the differencesefti? is taken into
account, proving that the experiment is stable.
As a first step, the yields are analyzed as in REf]; i.e.,
only the “diagonal” efficienciese , are taken into account.
() Thus '

®

61,2: 0.22+ 001, 6212: 0.06+0.01. (5)

El,3= 0.19+ 001, 62132 0.10+0.01. (6)

(xEI Y e,

central det

le Y,ekJ)

Q=

(XZ Y|ek'|) Il

central det

water

Y5MPIe= NLQ, /(N X € ken?9). 9

resulting inQ;=0.80+0.10 andQ,=0.94+0.07. In order to
obtain the above values a crude assumpter2Y,=2Y3, The resulting yields obtained by averaging the two runs are

092005-4



NEUTRON PRODUCTION BY COSMIC-RAY MUONS AT ...

TABLE I. Values of the neutron yield¥.;, Y1, Y5, andY; in

-3

PHYSICAL REVIEW [B2 092005

107 ¢ T T
units of 10°° neutrons/f gcm ?) for different assumed ratios r
AssumedY3/Y,  Yior Y, Y, Y3 "g pkeor gy Agle 9]
0. 354 230 062 0.0 oy 1
05 3.60 2.48 0.32 0.16 g ] E
1. 3.62 2.54 0.22 0.22 210" | Hertenberger [11] 7
b b & LVD [10]
2. 364 259 013 026 o | Beznkov [7]
© Bezrukov [7]
)
g Kol This work
simole _ heutrons £
Y3 P'®=[2.94+0.04 stah + 0.5Q/sysh) X 10 - ) | Hertenberger [11] (non showering)
- Z
mgcm
-5 ol . PRI | . RPN
YSMmPle—[0.98+ 0.03 stap + 0.1 10-5 eurons Yo 10 10 1
5 =[0. .03 stah =0.14(sysh | X — . Depth (mwe)
mgcm
(10

FIG. 3. Summary of available data on the total neutron yield
gmt versus depth. The points are labeled by the corresponding first
author. For Ref[11] two results are shown, with and without the
effect of external showers. Present work is denoted by an open
circle.

The exclusion of external showers, characterized by th
three-veto-hit events, has resulted in the reductiod{f?'®
by 14% and ofY$"™P'® by 45%. Thus, presumably due to the
presence of the sizable shiétd=380 g/cn?, the effect of the
external showers, while still clearly present, was reduced All available data on neutron yields are collected and
compared to the findings of Reffl1], where(in the same Ccompared in Fig. 3(It is assumed that the other measure-
unity  Y$MP'e=43(2.0<10°5 and Y§™Pe=1.6(0.5) Mments[7-10 also are reallyY,,; measurements.For the
% 10~ without (with) the correction for external showers, Measurements of ReffL1] both results, with and without the

However, the proper analysis should include the full effi-COrrection for external showers, are shown. In some of the
ciency matrix, i.e., the possibility that two neutrons Wereother measurements the shower contribution was excluded,

-~ ut it is not clear how well this has been done, since at least
|n|t|ally produced but only one heutron capture was recorde he results at 25 and 316 mwe were obtained with relatively
and vice versa, as well as the possibility that three neutrong. -\ and unshielded detectors

were originally produced and only two or one neutron cap-" A shajiow depth there are now three measurements, with
tures were observed. As pointed out earlier, with only tWOgggengially consistent results. Clearly, still better and more

measured capture raté¢, andN,, it is impossible to deduce  complete measurements are desirable, in which the full neu-
all the relevant information without further constraints. To tron muiltiplicity and energy spectra are determined and the

avoid these difficulties, and to make the comparison withheutrons produced externally are reliably identified.
other experiments easier, thetal number of neutrons pro-

duced per muon was evaluated. This quantty,, defined
earlier in Eq.(2), has the further advantage that it is essen-
tially independent of the rati¥;/Y, for three to two neutron
production, as demonstrated in Table I.

Thus, the final result of the present measurement can
expressed as
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