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The experimental technique for measurement of (n，xn) double differential cross s巴ctionsabove 20 Me V has been 
developed with continuousー巴nergyn即位'Onsup to 4∞MeV. Neutrons wer巴producedin the spa11ation reaction by the 
800-MeV proton beam， which was incident on a thick， heavi1y shie1ded tungsten t紅getat由号 WNRfacility at Los 
Alamos National Laboratory. The巴nergiesof incident neutrons were d巴terminedby the time-of-flight m巴thod.Emitted 
neutrons were detected by血erecoi1 proton method at 150， 300 and 900 • A phoswich detector consisting of NaIσ1) 
佃 dNE102A plastic scinti11ators was used for detecting recoil protons. We obtained th巴 H即位onenergy spec回 by
use of the unfo1ding ∞de， FERDO. The response functions of世leNaIσ1)scinti11ator for protons were ca1cu1ated by 
the ca1cu1ation code of Particle and Heavy Ion Trasnport cod巴System(pHITS). We comp訂巴dthe exp出 menta1cross 
S巴ctiondat五withthe ca1culations by the PHITS and QMD codes 

KEYWOlWS: incl，闘 ive(n，xn) double differential cross sections， continuous-energy neutrons， recoil proton 
me幼od，phoswich detectoηunfolding 

1. Introduction 

In progress of intermedi蹴巴nergyproton-accelerator tech-

nology， a highly intense neu釘'onsource by spallation reac四

tions became usable for scientific r国巴archesand industrial 

d巴velopments. In nuclear technology， Accelerator恒 Driven・

Systems (ADS)おrenergy production and long-lived nuclear-
waste仕ansmutationl)have b巴enproposed. and也edevelop-

ment仕lereforehas raised the practical問。dfor neu仕'Onnu四

clear reaction data such as neutron-production double dif-

おrentialα'osssections in the intermediate energy region. 

Some experimenta1 data of (n，xn) double-differential cross 
sections were report吋 2，3)forincident neu仕'Onenergies above 

20 Me V. These measurements were ∞nducted by using白e
monoenergetic neu佐'onbeam produced by巴i仕1巴rT(d，n)4Heor

7Li(p刀)7Be reaction. However，以perimentaldata have never 

been obtained above 100 Me V becau関 of白elack of血emo-

noenergetic neutron field. 

We attempted to use continuous-energy n巴utronsfor mea-

suring inclusive (n，xn) double differen出1cross sections 
above 20 Me V. A continuαIS energy sp即位umof incident 

neutrons did not aIlow us to perform出.etime-。ιflight
(TOF)4)measurement. The recoiI proton method， therefore， 
was adopted for measuring emitted neutrons.τb detect the 

recoil proωns as fuII stop events， a phoswich detector com-

posed of an ino培anicαystaland pIastic scintiIlators was con嗣

sider吋 ωbesuited as a recoil proton detector.官leneutron 

energy sp巴氾trawere obtained by the unfolding technique with 
theFERD05)∞defrom白emeasured puIse height spec仕a加 d

msponse functions of出eNaI(Tl) scintiIlator for protons. The 
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re喧ponseぬctionsof NaI(TI) were determined by白ecalcu司

lation code， P.釘ticleand Heavy Ion ltansport code System 
o回 TSi)upgradedfrom NMTC/JAM7)based on the in仕 組u-

clear cascade evaporation (INCE)8)model. 
In this paper， we report出eexperimentaI technique for mea-

suring (n，xn) doubIe differential cross sections above 20 MeV 

and compare社lepreIiminary data with也巴 resultsca1culated 
by白巴 PHITSand QMD9)codes to know白巴 appIicabi1ityof 

出istechnique. 

11. Experimental arrangement 

The experimental arrangement is schematicaIly iIlus住atβd
in Fig.l. Neutrons w巴reproduced by the 800-MeV proton 

b巴むn企om出巴 linearacceIerator白rough也espalIation reac-

tion at Los Alamos National Neu仕onScience Center (LAN-
SCE). Generated neu住ons仕aveledabout 90 m to b巴incident

on our sample target. The time of flight was obtained且sthe 

time difference between the pulses from a dE detector and白E

accelerator time pick-off to deter紅白lethe incid巴ntn巴u仕onen-

ergy. The dE detector pulses served as the st副 puIsefor the 

TOF measurement. The neu仕onflux was monitored by a fis-

sion ionization chamber. lO)This chamb巴rwas pIaced in front 

of the sample and出esignal was taken in the TOF mode 

For neu仕onenergy measurement， we adopted the r巴coil

proton method， where a phoswich detector measured出巴 re-

∞il protons generated by社leelastic sc甜即時 ofn即位ons.

The radiator was a 20-mm仕uckpolyethyIene disk. We also 

performed the repeated measurements wi白 acarbon disk to 

eliminate the con仕ibutionof carbon reaction. We selected 

負IlI-stopproton events by the function of phoswich config-
uration expIained later. A veto counter was set in 企ontof仕le
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Fig. 1 Typica1 schem巴ofexperimenta1 ar巴a

radiator to eliminate白巴 ch紅gedP紅ticle唱 from社lesample. 
The veto counter was lO-mm白ickNE102A plastic scintilla-
tor.百ledE counter was locatl巴dbetwe巴nthe radiator and the 
phoswich d巴t巴ctorto identi今世lecharged particles produc巴d
in血 巴 radiator.The dE detector was a 5~mm 出ick NE102A 
plastic scintillator. The distanc巴betwe巴n吐1巴 sampleand仕le
phoswich detector was about 0.7 m. 

The energy of recoil proton from仕1巴radiatorwas m巴asured
by仕lephoswich detector. Theconfiguration of the detector is 
seen in Fig.l. It consistl巴dof a Nal(百)cηstal胡 dNE102A 
plastic scintillators， optically connωtedωa single photomul-
tiplier加b巴.Th巴Nal(Tl)crystal was wrapped with 1-cm thick 
NE102A plastic scintillators， ex∞pt for the entrance plane. 
The phoswich detector 1巴ngthwas 360 mm to sωp protons 
of energies up to 400 Me V. The d巴caytimes of Nal(Tl) and 
NE102A scintillation lights were 230 and 2.4 ns， r邸 p巴ctiv巴ly.
A single photomultiplier tube received the light from both 
Nal(Tl)飢 dplastic scintillators. Puls巴開shapediscrimination 
wasp巴rform巴dby社letwo-gate integration me出od，and it al回

lowed us to separate世leevents of charged particles passing 
白roughouter scintillators企omful1 stop events in NaI(Tl). 
The total and fast gates in仕leintegration method wer巴 300
ns and 100 ns long， respectively.百lephoswich configuration 
serves ωreduce accidental background巴vents.To identifシ血e
ev巴ntsin which recoil protons pell!巴住ate白ed巴tectors住aightly，
a plastic scinti1lator was set up b巴hindeach phoswich det巴ctor
exceptin仕ledirection of 900 • 

llI. Data Analysis 

Figure 2 shows a typical TOF spectrunl. Th巴巴:ventsin 
仕lesh:紅ppe丘kon血.eright-hand side of Fig.2紅巴 indicat巴d
by an arrow. They were induced by photons originating at 
出eneu仕onproduction target.官邸 promptgamma-ray peak 
provides a useful time reference to convert the TOF into inci-
dentn即位onenergy; its如nwidth at half maximum (FWHM) 
is approximately 3 ns. Inめisexperiment， the energy of in-
cident neu仕onswas simply derived from社1巴紅rivaltime to 
血edE detector because the fiight time from the sarnple to也巴

dE detector was n巴gligiblein comparison to仕latof incident 
neutrons fiying over 90 m. This sirnpl巴紅巴atrnentgIVes世1巴

incident neutron energy resolution of 6.1 % at maximum， for 
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Fig.2 Typical time-of-flight (TOF) spectrum for incid巴:ntneutrons. 
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Fig. 3 Pulse-shape discrirnination for the phoswich detector by two-
gat巴integrationmethod. 

instance， 24.4 Me V for 400 Me V incident n巴U住ons.Th巴in-
fiuence of血efiight time of出eemitted neu佐onsshould be 
co町郎氏edat the final data processing. 

By us巴 ofsignals of血巴 vetocount巴:rsin企ontof the ra-



36 

1200 

200 400 600 800 1000 
To岨IgateADC for pboswich (cbannel) 

Fig. 4 Typica1 two-dimensiona1 spectrum of the tota1 gate signa1 for 
the phoswich d巴tectorversus the dE signa1. 
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Fig.5可ipicall日 Cspec回 ofthe sample-in and -out measurements 

using polyethylene or carbon. 

diator and behind the phoswich detector， we first remov，巴d白e
events白atwere ascribed to charged particles coming企om血e

sample or ups仕eam，orpene住atingthe detector. The result of 
the pulse shape discrimination is shown in Fig.3. One can see 
白reetypes of events in Fig.3. The events in由巳 region(A) 
indicate those in which the light came from the NaI(Tl) scin-
til1ator a10n巴;they stand for full stop recoiled protons which 

are usable for derivation of (n，xn) cross sections.百leevents in 
社1巴region(B) appe紅白acondition where the scintil1ation oc-

cu町edin both NaI(Tl) and plastic scintil1ators. The events in 
the region (C) are generated when only the plastic scintillator 
emitted scintillation.百leevents in the regions of both (B) and 

(C) are discarded by choosing白巴白11回 stoppingproton events 
in the region (A). Figure 4 shows a twか dimensiona1pulse幽

height plot of世間 totalgate signal for the phoswich detector 

versus the dE signal for the dE detector. In白isfigure， we 
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Fig. 6 (n，xn) double differentia1 cross sections for n巴U住onsof 150-

200，2∞-250，250-300， and 3∞-4ooMe V incid巴nton the nat-
ぽa11eadat 150 • 

identified白r田 regionslabeled as (A)， (B)組 d(C).百leevents

in the region (A) indicatβ 血atrecoil protons deposited their 
en巴rgiesin仕leNaI(Tl) scintil1ator. The region (B) indicates 

由atthe recoil protons pene虻ated出巴 phoswichdet配 tor.As 
白edEco凹 terdoes not scintillate by仕len即位onandgamma
ray巴vents，出.eregion (C) presents emitted neu虻onspassing 

白roughthe radiator， or background neu住onsand gammarays. 
We selected釦Il-stoppingrecoil proton events in the region 
(A). 

The experiments were also performed with a carbon disk 
as the radiator. They were used to eliminate仕le∞n凶bu-
tion of carbon in polyethylene by selecting only削 l-stop
proton events of the H(~ψ) reaction after normalization. In 
Fig.5， typica1 pulse-height spec住aare shown for sample-in 
組 dsample-out wi出 bo也thepolyethylene and the carbon ra-

diator. Counts for the polyethylene radiator were about twice 
as large as those for the carbon radiator. 

The energy of emitted neutrons is nearly equal to仕le巴n-
ergy of recoil protons because the scattering angl巴ofdetβcted
protons is wi仕lInapproximately 7 0 • The (n，p) elastic sca枕巴r-
ing cross sections w巴reused for evaluating血eneu住onfiux. 
The neutron energy spectrum was obtained with白巴 FERDO
unfolding code for the proton spec住um.The adoption of仕le
recoil proton method forced us to obtain由eresponse func-
tions of the phoswich detector for protons up to 400 Me V. 
The response functions were calculat巴dby PHITS. However， 
it is desired for仕leresponse functions of白edetβctor system 
to be measured with neu住ons，since it Is difficult to obtain the 
correct response functions only by the caIculation. 
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日1. Results 

Figure 6 displays出巴 preliminaryresu1t of (n，xn) double 
differential cross s巴ctionsobtain巴dfor the natura11ead臼rg巴t

at15 0 • Th巴en巴rgybin width of incident neu仕onis 50 M巴V

or 100 MeV.百leresults were compared with the calculated 

resu1ts of the PHITS組 dQMD codes. The representative巴n-

ergies for ca1culation were chosen as the maximum valu巴sof 
eachen巴rgybin. The aim of the comparison is not to make de・

tailed discussion on白巴 reactionmechanism but to t巴st由巳ap-

p1icability of血isexperimenta1ぉchnique.The measurement 

was also performed at 300 四 d900， but it suffered from large 

statistica1 uncertainties in these dir巴ctions.

V. Condusion 

Th巴巴xperim巴ntaltec耐lIqu巴 wasdeveloped for mea帽

surement of (n，xn) double differentia1 cross sections with 

continuous回 en巴rgyneu住ons. The experiment was don巴by

using the spal1ation neu住onsource at th巴羽明R facili匂Tat 

LANL. From仕leexperim巴nt，we comfirm巴d仕lat白i呂田per-

imenta1飽chniqueis applicable to measure the (n，xn) double 
differentia1 cross s巴ctionsabove 20 Me V. 
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