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EVALUATION OF THE NEUTRON BACKGROUND IN AN HPGeTARGET FOR WIMP DIRECT DETECTION WHEN USINGA REACTOR NEUTRINO DETECTORAS A NEUTRON VETO SYSTEMXiangpan Ji, Ye Xu *, Junsong Lin, Yulong Feng, Haolin LiShool of Physis, Nankai University300071, Tianjin, ChinaReeived April 23, 2013A diret WIMP (weakly interating massive partile) detetor with a neutron veto system is designed to betterrejet neutrons. The experimental on�guration is studied in this paper involves 984 Ge modules plaed insidea reator-neutrino detetor. The neutrino detetor is used as a neutron veto devie. The neutron bakgroundfor the experimental design is estimated using the Geant4 simulation. The results show that the neutron bak-ground an derease to O(0:01) events per year per tonne of high-purity germanium and it an be ignored inomparison with eletron reoils.DOI: 10.7868/S00444510131100351. INTRODUCTIONIn diret searhes for WIMPs (Weakly interatingmassive partile), there are three di�erent methodsused to detet the nulear reoils: olleting ionization,sintillation, and heat signatures indued by them. Thebakground of this detetion is made up of eletron re-oils produed by  and � sattering on eletrons, andnulear reoils produed by neutrons sattering elasti-ally on target nulei. Nulear reoils an be e�ientlydisriminated from eletron reoils with pulse shapedisrimination, hybrid measurements, and so on. Therejetion power of these tehniques an even reah 106[1, 2℄. For example, the CDMS-II [1℄ and EDELWEISS-II [3℄ experiments measure both ionization and heatsignatures using ryogeni germanium detetors in or-der to disriminate between nulear and eletron re-oils, and the XENON100 [4℄ and ZEPLIN-III [5℄ ex-periments measure both ionization and sintillation sig-natures using two-phase xenon detetors. However, itis very di�ult to disriminate between nulear reoilsindued by WIMPs and by neutrons. This disrimi-nation and redution of neutron bakgrounds are themost important tasks in diret dark matter searhes.*E-mail: xuye76�nankai.edu.n

The ross setions of neutron�nuleus interationsare muh larger than the WIMP�nuleus ones, andtherefore the multi-interations between neutrons anddetetor omponents are used to tag neutrons and thusseparate WIMPs from neutrons. In the ZEPLIN-III ex-periment, the 0.5% gadolinium (Gd) doped polypropy-lene is used as the neutron veto devie, and its max-imum tagging e�ieny for neutrons reahes about80% [6℄. In Ref. [7℄, the 2% Gd-doped water is used asthe neutron veto, and its neutron bakground an beredued to 2.2 (1) events per year per tonne of liquidxenon (liquid argon). In our previous work [8℄, the re-ator neutrino detetor with 1% Gd-doped liquid sin-tillator (Gd-LS) is used as the neutron veto system,and its neutron bakground an be redued to about0.3 per year per tonne of liquid xenon. These neutronbakground events are mainly from the spontaneous �s-sion and (�; n) reations due to 238U and 232Th in thephotomultiplier tubes (PMTs) in the liquid xenon.Beause of its advantages of the low bakgroundrate, energy resolutions, and low energy threshold,high-purity germanium (HPGe) is widely used in darkmatter and neutrinoless double beta deay experi-ments [9, 10℄. In our work, 76Ge is used as a WIMPtarget material and WIMPs are deteted by only theionization hannel (like the CDEX and CoGeNT ex-periments). This makes its neutron bakground muh914



ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013 Evaluation of the neutron bakground : : :less than in the ase of a xenon target without PMTsin HPGe detetors. The CDEX and CoGeNT ex-periments are respetively loated in an undergroundlaboratory with a depth of 7000 meter water equiva-lent (m.w.e.) and 2100 m.w.e. Neutrons an only beshielded but not tagged in these two experiments. Adetetor on�guration that an shield and tag neutronsrejets neutron bakground better in dark matter ex-periments. The feasibility of diret WIMP detetionwith the neutron veto based on the neutrino detetorwas validated in our previous work [8℄. In this pa-per, a neutrino detetor with Gd-LS (1% Gd-doped) isstill used as a neutron-tagged devie and WIMP dete-tors with HPGe targets (alled Ge modules) are plaedinside the Gd-LS. Here, we designed an experimentalon�guration of 984 Ge modules individually plaed in-side four reator-neutrino detetor modules used as aneutron veto system. The experimental hall of the on-�guration is assumed to be loated in an undergroundlaboratory with a depth of 910 m.w.e., whih is similarto the far hall in the Daya Bay reator-neutrino exper-iment [11℄. Colleting ionization signals is onsideredthe only method of WIMP detetion in our work. Theneutron bakground for this design is estimated usingthe Geant4 [12℄ simulation.The basi detetor layout is desribed in Se. 2.Some features of the simulation in our work are de-sribed in Se. 3. The neutron bakground of the ex-perimental on�guration is estimated in Se. 4. Theontamination due to reator neutrinos is disussed inSe. 5. We onlude in Se. 6.2. DETECTOR DESCRIPTIONFour idential WIMP detetors with HPGe targetsare individually plaed inside four idential neutrinodetetor modules. The experimental hall of this exper-imental on�guration is assumed to be loated in anunderground laboratory with a depth of 910 m.w.e.,whih is similar to the far hall in the Daya Bay re-ator neutrino experiment. The detetor is loated ina 20 � 20 � 20 m3 avern. The four idential ylin-drial neutrino modules (eah 413.6 m in height and393.6 m in diameter) are immersed into a 13�13�8m3water pool at a depth of 2.5 m from the top of the pooland at a distane of 2.5 m from eah vertial surfae ofthe pool. The detetor on�guration is shown in Fig. 1.Eah neutrino module is partitioned into three en-losed zones. The innermost zone is �lled with the 1%Gd doped liquid sintillator [8℄ (2.6 m in height, 2.4 min diameter), whih is surrounded by a zone �lled with

unloaded liquid sintillator (LS) (35 m thik). Theoutermost zone is �lled with transparent mineral oil(40 m thik) [13℄. 366 8-inh PMTs are mounted inthe mineral oil. These PMTs are arranged into 8 ringsof 30 PMTs on the lateral surfae of the oil region, and5 rings of 24, 18, 12, 6, 3 on the top and bottom aps.Eah WIMP detetor onsists of an outer oppervessel (144.6 m in height, 82.8 m in diameter, and0.8 m in thikness), whih is surrounded by an alu-minum (Al) re�etor (0.2 m thik) and an inner op-per vessel (116.6 m in height, 54.8 m in diameter and0.5 m in thikness). There is a vauum zone betweenthe outer and inner opper vessels (about 13 m thik).The part inside the inner opper vessel is made up oftwo omponents: the upper omponent is a ooling sys-tem with liquid nitrogen of a very high purity (32 min height, 54.8 m in diameter) and the lower one is anative target of 246 Ge modules arranged into 6 rows(eah row inludes 4 rings of 20, 14, 6, 1). Eah Gemodule is made of a opper vessel and an HPGe tar-get: there is an HPGe target (6.2 m in height, 6.2 min diameter, � 1 kg) in a 0.1 m thik opper vessel(12.6 m in height, 6.4 m in diameter).3. SOME FEATURES OF THE SIMULATIONThe Geant4 (version 8.2) pakage [12℄ was used inour simulations. The physis list in the simulations in-ludes transportation proesses, deay proesses, low-energy proesses, eletromagneti interations (multi-ple sattering proesses, ionization proesses, sintilla-tion proesses, optial proesses, Cherenkov proesses,Bremsstrahlung proesses, et.), and hadron intera-tions (lepton nulear proesses, �ssion proesses, elas-ti sattering proesses, inelasti sattering proesses,apture proesses, et.). The respetive uts for theprodutions of gamma quanta, eletrons and positronsare 1 mm, 100 �m and 100 �m. The quenhing fator isde�ned as the ratio of the detetor response to nulearand eletron reoils. The Birks fator for protons in theGd-LS is set to 0.01 g�m�2�MeV�1, orresponding tothe quenhing fator 0.17 at 1 MeV, in our simulation.4. NEUTRON BACKGROUND ESTIMATIONFigure 2 shows the reoil spetra for WIMP intera-tions with 76Ge nuleus in the ase of the WIMP massof 100 GeV (the tool from Ref. [14℄ has been used). Torejet neutrino bakground, the reoil energy was setin a range from 10 keV to 100 keV in this work. Multi-sattered in the detetor, neutrons an be tagged by915
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Fig. 1. a) A Ge module with the HPGe material (length unit, m), b ) a WIMP detetor with 246 Ge modules (lengthunit, m), ) a neutrino detetor where a WIMP detetor is plaed, d) four WIMP detetors individually plaed inside fourneutrino detetors in a water shieldthe Ge modules. But there is energy deposited in onlyone Ge module for a WIMP interation. Proton reoilsindued by neutrons and neutron-aptured signals areused to tag neutrons that reah the Gd-LS. The en-ergy deposition produed by proton reoils is lose toa uniform distribution. Neutrons aptured on Gd andH respetively lead to a release of about 8 MeV and2.2 MeV of  partiles. Due to the instrumental limi-tations of the Gd-LS, we assume neutrons to be taggedif their energy deposition in the Gd-LS is more than1 MeV, orresponding to 0.17 MeVee (eletron equiva-lent energy). In the Gd-LS, it is di�ult to distinguishsignals indued by neutrons from eletron reoils, whih

are aused by radioativity in the detetor omponentsand the surrounding roks. But this radioativity anbe ontrolled to less than � 50 Hz aording to theDaya Bay experiment [11℄. If we assume a value of100 �s for the neutron tagging time window, the in-distinguishable signals due to radioativity result in atotal dead time of less than 44 hours per year.Neutrons are produed from the detetor ompo-nents and their surrounding rok. For the neutronsfrom the surrounding rok, there are two origins: byspontaneous �ssion and (�; n) reations due to U andTh in the rok (these neutrons an be omitted beausethey are e�iently shielded, see Se. 4.2), and by os-916



ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013 Evaluation of the neutron bakground : : :Table 1. Estimation of the neutron bakground from di�erent soures for an underground laboratory at a depth of910 m.w.e.10 keV<Ereoil < 100 keV and only a Ge module Not taggedCopper vessels 0:38� 0:07 0:010� 0:002Front-end eletronis 1:63� 0:3 0:040� 0:007Al re�etor 0:0080� 5:0 � 10�4 < 0:001Gd-LS/LS 0:061� 0:008 < 0:001PMT in oil 0:009� 0:003 < 0:001Stainless steel tank < 0:001 < 0:001Cosmi muons 28:30� 0:75 0:30� 0:08Muon veto < 1:0 < 0:01Total (muon veto) 3:00� 0:34 0:060� 0:016The seond olumn shows the number of neutrons whose energy deposition in the Ge module is in the same rangeas WIMP interations and energy is deposited in only a Ge module. The third olumn shows the number of neu-trons that are misidenti�ed as WIMP signatures (their energy deposition in the Ge module is in the same rangeas WIMP interations, while their reoil energies in the Gd-LS/LS are less than the energy threshold of 1 MeV).The row labeled �opper vessel� shows the number of neutrons from the opper vessels. The row labeled �front-endeletronis� shows the number of neutrons from the front-end eletronis. The row labeled �Al re�etor� shows thenumber of neutrons from the aluminum re�etors. The row labeled �Gd-LS/LS� shows the number of neutrons fromthe Gd-LS or LS. The row labeled �PMT in oil� shows the number of neutrons from the PMTs in oil. The rowlabeled �stainless steel tank� shows the number of neutrons from the stainless steel tank. The row labeled �osmimuons� shows the number of osmogeni neutrons in the ase where the muon veto system is not used. The rowlabeled �muon veto� shows the number of osmogeni neutrons in the ase where the muon veto system is used. Weassume that the neutron ontamination level from osmi muons dereases by a fator of 30 using the muon vetosystem. Only the total bakground in the ase of using the muon veto system is listed in this table. The terms after� are errors.
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Fig. 2. The reoil spetrum of WIMP interation with76Ge nulei

mi muon interations with the surrounding rok.We estimated the neutron bakground in the Getarget of one tonne. The numbers are normalized toone year of data taking and are summarized in Table 1.4.1. Neutron bakground from detetoromponentsNeutrons from the detetor omponents are induedby (�; n) reations due to U and Th. Aording to [15℄,the di�erential spetra of neutron yield an be ex-pressed asYi(En) = NiXj R�(Ej)Smi (Ej) EjZ0 d�(E�; En)dE� dE�;where Ni is the total number of atoms for the ith el-ement in the host material, R�(Ej) is the �-partile917



Xiangpan Ji, Ye Xu, Junsong Lin et al. ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013prodution rate for the deay with the energy Ej from232Th or 238U deay hain, E� is the � energy, En isthe neutron energy, and Smi is the mass stopping powerof the ith element.4.1.1. Neutrons from opper vesselsIn opper vessels, neutrons are produed by U andTh ontaminations and are emitted with the averageenergy of 0.81 MeV [15℄. Their total volume is about5:4 � 104 m3. The radioative Th impurities an be re-dued to 2:5 � 10�4 ppb in some opper samples [16℄. Ifwe onservatively assume a 0.001 ppb U/Th onentra-tions in the opper material [17℄, a rate of one neutronemitted per 4 � 104 m3 per year is estimated [7℄. Con-sequently, there are 1.3 neutrons produed by the allopper vessels per year.The simulation result is summarized in Table 1.0.38 neutron events/ton�yr reah the HPGe targets.Their energy deposition falls in the same range as thatof the WIMP interations, and there is deposit energyin only a Ge module (see Table 1). Beause 0.01 ofthem are not tagged in the Gd-LS, these bakgroundevents annot be eliminated. The unertainty of theneutron bakground from the opper vessels are fromthe binned neutron spetra in Ref. [15℄. But the neu-tron bakground errors from the statistial �utuationare too small to be taken into aount (the relative er-rors are less than 1%).4.1.2. Neutrons from front-end eletronisThe U and Th ontaminations in opper materialare onsidered the only neutron soure in the front-end eletronis in Ge modules. If we assume a 2 ppbU/Th onentration in the opper material and theirtotal volume of about 500 m3, there are 25 neutronsprodued by the all front-end eletronis per year.The simulation result is summarized in Table 1.1.63 neutron events/ton�yr reah the HPGe targets.Their energy deposition falls in the same range as thatof the WIMP interations, and there is deposit energyin only one Ge module (see Table 1). Beause 0.04 ofthem are not tagged in the Gd-LS, these bakgroundevents annot be eliminated. The unertainty of theneutron bakground from opper vessels are from thebinned neutron spetra in Ref. [15℄. But the neutronbakground errors from the statistial �utuation aretoo small to be taken into aount (the relative errorsare less than 1%).

Table 2. Aluminum, arbon, quartz, and iron arerespetively onsidered as the only neutron soures inthe Al re�etors, Gd-LS/LS, PMTs in oil and stainlesssteel tanks. The table shows the average energies ofthe neutrons emitted by the U and Th ontaminationsin these omponents [15℄Material onsideredas neutron soure Average energy,MeVAl re�etors aluminum 1.96Gd-LS/LS arbon 5.23PMTs in oil quartz 2.68Stainless steeltanks iron 1.554.1.3. Neutrons from other omponentsThe U and Th ontaminations in other detetoromponents also ontribute to the neutron bakgroundin our experiment setup. Aluminum, arbon, quartz,and iron are respetively onsidered the only neutronsoures in Al re�etors, Gd-LS/LS, PMTs, and oil andstainless steel tanks. Table 2 shows the average energiesof neutrons emitted by the U and Th ontaminations inthese omponents [15℄. We evaluated the neutron bak-ground from the above omponents using the Geant4simulation. All the nulear reoils in the HPGe targetsin the same range as the WIMP interations in the aseof a deposit energy in only a Ge module are tagged.The neutron bakground from these omponents anbe ignored (see Table 1).4.2. Neutron bakground from naturalradioativity in the surrounding rokIn the surrounding rok, almost all the natural-radioativity neutrons are below 10 MeV [7, 18℄. Wateran be used for shielding neutrons e�etively, espeiallyin the low-energy range of less than 10 MeV [19℄. TheGe detetors are surrounded by about 2.5 m of waterand more than 1 m of Gd-LS/LS, and therefore theseshields an redue the neutron ontamination from ra-dioativity to a negligible level.4.3. Neutron bakground due to osmi muonsNeutrons produed by osmi muon interationsonstitute an important bakground omponent fordark matter searhes. These neutrons with a hard en-918
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Fig. 3. The energy spetrum of osmogeni neutronsat a depth of 910 m.w.e.
ergy spetrum extending to several GeV energies antravel far from the produed verties.The total osmogeni neutron �ux at a depth of910 m.w.e. is evaluated by a funtion of the depthfor a site with a �at rok overburden [20℄, and it is1:31 �10�7 m�2�s�1. The energy spetrum (see Fig. 3)and the angular distribution of these neutrons are eval-uated at the depth of 910 m.w.e. by the methodin [20, 21℄. The neutrons with the spei�ed energyand angular distributions are sampled on the surfaeof the avern, and the neutron interations with thedetetor are simulated with the Geant4 pakage. Ta-ble 1 shows that 28.3 neutron events/ton�yr reah theHPGe targets. Their energy deposition is in the samerange as that of the WIMP interations and there is de-posit energy in only a Ge module. 0.3 of them are nottagged by the Gd-LS/LS. Muon veto systems an tagmuons very e�etively, and most osmogeni neutronsan thus be rejeted. The water Cherenkov detetorin our simulation are used to tag osmi muons andthen rejet them. These detetors are similar to theones in the Daya Bay experiment, and the muon re-jetion is onsistent with the result of the Daya Bayexperiment, that is, the ontamination level an evenbe redued by a fator of about 30 [11℄. This ouldlead to the derease in the osmogeni neutron on-tamination to 0.01 events/ton�yr. The unertainties ofthe osmogeni neutron bakground in Table 1 are fromstatistial �utuations.

5. CONTAMINATION DUE TO REACTORNEUTRINO EVENTSBeause neutrino detetors are fairly lose to nu-lear reators (about 2 km away) in reator neutrinoexperiments, a large number of reator neutrinos passesthrough the detetors and nulear reoils are produedby neutrino elasti sattering on target nuleus in theGe detetors. Although neutrinos an be a soure ofbakground for dark matter searhes, they an be re-dued to a negligible level by setting the reoil energythreshold equal to 10 keV [22℄. Besides, nulear reoilsan also be produed by low-energy neutrons produedby the inverse �-deay reation ��e + p ! e+ + n. Buttheir kineti energies are almost below 100 keV [23℄,and their maximum energy deposition in the WIMPdetetors is as large as a few keV. Thus, the neutronontamination an be redued to a negligible level bythe energy threshold of 10 keV.6. DISCUSSION AND CONCLUSIONThe neutron bakground an be e�etively sup-pressed by the neutrino detetor used as a neutronveto system in diret dark matter searhes. Ta-ble 1 shows that the total neutron ontamination is0.06 events/ton�yr. Compared to Ref. [8℄, it is reduedby a fator of about 5. This derease is aused by thefat that the neutron ontamination is mainly fromthe PMTs in the xenon detetor, but there are noPMTs in the HPGe detetor. Aording to our work,the neutron bakground is mainly from its front-endeletronis in this on�guration with the HPGe targets.Compared to eletron reoils [10℄, the estimated neu-tron ontamination in this paper an be ignored. After�nishing a preision measurement of the neutrino mix-ing angle �13, we an use the existing experiment halland neutrino detetors. This will not only save sub-stantial ost and time for diret dark matter searhes;the neutron bakground ould also be dereased toO(0.01) events per year per tonne of HPGe in the aseof the Daya Bay experiment. Aording to Ref. [20℄,the neutron �uxes in the RENO (an undergroundlaboratory with a depth of 450 m.w.e.) and DoubleCHOOZ (an underground laboratory with a depthof 300 m.w.e.) experiments [24, 25℄ are respetivelyabout 5 and 3 times greater than that of the DayaBay experiment. Hene, their neutron bakgroundsare roughly estimated to be about 0.1 events/ton�yr,if their detetor on�gurations are the same as theone desribed above. In the ase of the CDMSII (anunderground laboratory with a depth of 2100 m.w.e.)919
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