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Neutron Imaging DetectorNeutron Imaging Detector
withwithμμ--PICPIC



1. Neutron Science1. Neutron Science
Comparison with the XComparison with the X--ray scienceray science

charge 0 charge 0 ⇒⇒ penetrating power : largepenetrating power : large
sensitive to smallsensitive to small--Z materialsZ materials
（（H, Li, O ) H, Li, O ) ⇒⇒ industry, protein structureindustry, protein structure……
spin spin ½½ ⇒⇒ magnetic propertiesmagnetic properties
TOF (timeTOF (time--ofof--flight)  method (next slide) flight)  method (next slide) 

O

n XLi

Mn
Diffraction images 
of a Li-ion battery

from KEK homepage ”kids scientist”



TOF methodTOF method
pulsed beam pulsed beam 
arrival time arrival time 
⇒⇒ wavelengthwavelength
time resolution:time resolution:
~~μμss is requiredis required

t

0.292.9 0.029

10.01 100 energy [eV]

wavelength [Å]

Intensity vs arrival time
from KEK homepage ”kids scientist”

1.3 13 130 velocity [km/s]

epithermal fast
thermal

neutronsneutrons



2.Neutron Source2.Neutron Source
Proton Synchrotron Proton Synchrotron ⇒⇒ SpallationSpallation

KEK : 500MeV (3kW) proton + Ta targetKEK : 500MeV (3kW) proton + Ta target
⇒⇒ 101012 12 n/pulse n/pulse ×× 20Hz20Hz

JJ--PARC (2006~ ) : 3GeV (1MW) proton + Hg targetPARC (2006~ ) : 3GeV (1MW) proton + Hg target
⇒⇒ 25Hz25Hz 23 beam lines23 beam lines

European European SpallationSpallation Source, Source, SpallationSpallation Neutron SourceNeutron Source

fast neutrons

solid CH4

H2O

moderator

target

proton
thermal 
neutrons

cold
neutrons

processprocess



3. Neutron Detectors3. Neutron Detectors
neutron capture reactionsneutron capture reactions

GdGd : : γγ--ray backgroundray background
BFBF3 3 , , 33He gas counterHe gas counter

imaging : noimaging : no
wall effectwall effect
high pressurehigh pressure

26000158Gd + γs→157Gd + n

σ[barn]Q value [MeV]reaction

38402.31α + 7Li→10B + n
9404.78 α + 3H→6Li + n
53300.764 p + 3H→3He + n

33He spectrumHe spectrum



neutron PSD (position sensitive detectors)neutron PSD (position sensitive detectors)
GEM + CCD GEM + CCD NIM A478(2002)357NIM A478(2002)357
33He(1atm) + CFHe(1atm) + CF44(0.4atm) (0.4atm) 
33He + n He + n 
→→ p (573keV) + p (573keV) + 33H (191keV)  H (191keV)  

ProblemsProblems
high ratehigh rate

large area large area 
position resolutionposition resolution

CalculationCalculation

ResultResult

~5mm track~5mm track

with with μμ-- PIC !PIC !



4. 4. μμ--PIC for a Neutron PSDPIC for a Neutron PSD
“Performance of a micro-TPC for a time-resolved 

neutron PSD” K. Miuchi et. al. submitted for NIM A

Paper contentsPaper contents
SimulationSimulation
Proton (several hundred Proton (several hundred keVkeV)  tracking)  tracking
Background Background γγ--ray discriminationray discrimination

Merit of the Merit of the μμ--PIC based detectorPIC based detector
high rate operationhigh rate operation
large arealarge area
Background Background γγ--ray discriminationray discrimination
TPC TPC ⇒⇒ depth informationdepth information



Simulation studySimulation study
33He + n He + n →→ p (573keV) + p (573keV) + 33H (191keV) H (191keV) 
Ar+CAr+C22HH66(10%)+(10%)+33He(0.1%)He(0.1%) 1atm1atm
ｎｎ capture efficiency ~0.1% (10cm gas depth)capture efficiency ~0.1% (10cm gas depth)

Simulation resultSimulation result

••μμ--PIC threshold : PIC threshold : 
50keV/cm50keV/cm

•• track length:track length:
1~1.5cm1~1.5cm

detectable?detectable?
LetLet’’s see.s see.



Proton trackingProton tracking experimentexperiment
ArAr + C+ C22HH66 (10%) at 1atm(10%) at 1atm
R. I. source : R. I. source : 252252Cf  (3.8 n + 9.7Cf  (3.8 n + 9.7γγ))
n( 500keV~1MeV ) n( 500keV~1MeV ) -- proton scattering proton scattering 
Trigger (t=0 for the TPC) : YAPTrigger (t=0 for the TPC) : YAP

Experimental SetupExperimental Setup



Proton tracking resultsProton tracking results
Proton TracksProton Tracks

dE/dxdE/dx (Brag curves)(Brag curves)

Tracking : OKTracking : OK
proton (0.5~1MeV) proton (0.5~1MeV) 

Direction : known Direction : known 
from the Brag curvefrom the Brag curve



γγ-- ray eventsray events
γγ--ray source ray source 2222NaNa
511keV 511keV γγ--rays (backrays (back--toto--back)back)
Same setup Same setup 

dE/dxdE/dx
fitting with fitting with 

linear lineslinear lines

γγ-- ray  ray  
discriminationdiscrimination

Electron TrackElectron Track



neutron

γγ-- rayray discriminationdiscrimination
χχ22 vsvs dE/dxdE/dx plotplot

• large dE/dx
• straight

252252Cf run (Cf run (n+n+γγ))

2222Na run (Na run (γγ))
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( 14 / 500 events )

>95% >95% γγ--rays were rays were 
discriminateddiscriminated
ｎｎ efficiency ~1efficiency ~1

neutron



5. Future Works5. Future Works

Scintillating microScintillating micro--TPCTPC
for selffor self--triggeringtriggering
with PMT?with PMT?

Measurement with Measurement with 33He    He    



5.5. ConclusionsConclusions
Neutron PSD requirementsNeutron PSD requirements

highhigh--rate operationrate operation
large arealarge area
γγ--ray discriminationray discrimination

Neutron PSD with Neutron PSD with μμ-- PICPIC
tracking, proton/triton distinguishabletracking, proton/triton distinguishable
γγ--ray discrimination: >95%   ray discrimination: >95%   
spatial resolution: subspatial resolution: sub--millimeter (simulation)millimeter (simulation)



ββββ with microwith micro--TPCTPC



1.  1.  136136Xe experimentXe experiment



CaltechCaltech--NeuchatelNeuchatel experimentexperiment

XeXe TPC ( 5atm 180 liters )TPC ( 5atm 180 liters )
136136Xe enriched (62.5%)Xe enriched (62.5%)
search for search for ““doubledouble--ends tracksends tracks””

Phys. Rev. D 48 3 (1993) 1009

60cm



Results of the Caltech exp.Results of the Caltech exp.
Spectrum of the two electron eventsSpectrum of the two electron events

T1/2(0ν) > 3.4×1023yr



2. 2. ββββ exp. with exp. with μμ--PICPIC
Merit?Merit?

if scintillating TPC is realizedif scintillating TPC is realized
⇒⇒ t=0 determination t=0 determination ⇒⇒ absolute z valuesabsolute z values



WIMPWIMP--Wind Measurement Wind Measurement 
with Microwith Micro--TPCTPC

all results are preliminaryall results are preliminary



1. Performance of the 1. Performance of the μμ--PICPIC
Tracking performanceTracking performance

length >5mm (several points, length >5mm (several points, directiondirection))
Proton TracksProton Tracks dE/dxdE/dx (Brag curves)(Brag curves)



neutron

γγ-- rayray discriminationdiscrimination
χχ22 vsvs dE/dxdE/dx plotplot

• large dE/dx
• straight

252252Cf run (Cf run (n+n+γγ))

2222Na run (Na run (γγ))

dE/dx [keV/cm]
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2. WIMP direct detection2. WIMP direct detection
WIMPWIMP--nucleus nucleus 
elastic scatteringelastic scattering
Annual modulationAnnual modulation

rate difference : a few%rate difference : a few%

Very hard Very hard 
to seeto see……

Movement of the Earth Movement of the Earth 

Expected spectraExpected spectra



WIMP wind measurementWIMP wind measurement

WIMPWIMP--wind wind 
WIMPWIMP--windwind

WIMPWIMP--wind wind ⇒⇒ nucleusnucleus--recoil asymmetry  recoil asymmetry  
Y. Shimizu Y. Shimizu et.alet.al NIM A 496(2003)347NIM A 496(2003)347



3. WIMP3. WIMP--wind measurement with wind measurement with μμ--PICPIC
MeritMerit

recoil directionrecoil direction
γγ--ray discriminationray discrimination
fine pitch (400fine pitch (400μμm) m) ⇔⇔ DRIFT(2mm)DRIFT(2mm)
dedicated electronics (100MHdedicated electronics (100MHｚｚ near future)near future)

DemeritDemerit
low mass (gas detector)low mass (gas detector)

StrategyStrategy
quantity oriented (track >1mm)quantity oriented (track >1mm)
quality oriented (track >5mm)quality oriented (track >5mm)



Target gasTarget gas
WIMP mass WIMP mass 

~ target mass~ target mass
SpinSpin--dependent dependent ：：

large spin factorlarge spin factor
SpinSpin--independent : independent : 

large atomic number large atomic number 

XeXeArArSPINSPIN--
INDEPENDENTINDEPENDENT

XeXeCFCF44
SPINSPIN--
DEPENDEMTDEPENDEMT

HeavyHeavy
(100GeV) (100GeV) 

LightLight
(50GeV)(50GeV)

WIMP WIMP 
massmass

0.1240.12426.426.4129129XeXe
0.0650.0657.87.87373GeGe
0.0410.0411001002323Na Na 
0.6470.6471001001919FF
λλJ(J+1)J(J+1)%%IsotopeIsotope

Spin factorsSpin factors



Gas pressure, target massGas pressure, target mass
thresholdthreshold：： 40keV  40keV  
track track ：： 5mm5mm

3838
4747
9090

DensityDensity
[g/m[g/m33]]

dE/dxdE/dx
[[keVkeV/cm]/cm]

PressurePressure
[[TorrTorr]]

gasgas

12012055XeXe
85852020ArAr
85852020CFCF44

pressurepressure

OKOK
((μμ-- PIC threshold : 50keV/cm )PIC threshold : 50keV/cm )

~ 10~ 10××1m1m33 detectordetector



ScalingScaling--upup
prototype : 30prototype : 30××3030××30cm30cm33

××8 = 608 = 60××6060××60cm60cm33

large area large area μμ-- PIC : 50PIC : 50××5050××50cm50cm33

××8=1m8=1m33

1m1m33××nn

electronics
μ-PIC

drift plane

×8



Expected SignalsExpected Signals
gas: CFgas: CF44

WIMPWIMP--p 0.1pbp 0.1pb

recoil asymmetryrecoil asymmetry

spectrum spectrum 

threshold threshold 

γγ

FF

WIMPWIMP
WINDWIND

forward/backward forward/backward 
>10>10



track direction is track direction is 
importantimportant

track onlytrack only

track+directiontrack+direction

F/B ~ 5F/B ~ 5

F/B ~ 1.3F/B ~ 1.3



Expected rateExpected rate
threshold: 40keVthreshold: 40keV
WIMP mass: 50 WIMP mass: 50 GeVGeV for F, for F, ArAr

100GeV for 100GeV for XeXe
WIMPWIMP--ｐｐ cross section : 0.1 cross section : 0.1 pbpb for SDfor SD

1010--6 6 pbpb for  SIfor  SI

4.14.10.0340.03447472020ArAr
1.41.40.0110.011101055Xe(SDXe(SD) ) 

55

2020

pressurepressure
[[torrtorr]]

0.0790.079

0.210.21

raterate
[[cpdcpd/kg]/kg]

EventEvent
(10m(10m33××1yr)1yr)

densitydensity
[g/m[g/m33]]

gasgas

9.69.63838XeXe (SI)(SI)

2602609090CFCF44



SPINSPIN--DEPENDENTDEPENDENT

SPINSPIN--INDEPENDENTINDEPENDENT



Detection Confidence LevelDetection Confidence Level
Background: fast neutron 2Background: fast neutron 2××1010--55cmcm--22ss--11

⇒⇒ 0.1cpd/kg/keV0.1cpd/kg/keV for CFfor CF44 (no shield)(no shield)
⇒⇒1600 1600 BG events / 10mBG events / 10m3 3 ××1yr 1yr 

WIMP : WIMP : 260260 eventsevents

800800

2020 240240

800800

10401040820820
11--11 00 coscos γγ more than 5more than 5σσ

asymmetryasymmetry



S/N calculation S/N calculation 
threshold: 40keVthreshold: 40keV
WIMP mass: 50 WIMP mass: 50 GeVGeV for F, for F, ArAr

100GeV for 100GeV for XeXe
WIMPWIMP--ｐｐ cross section : 0.1 cross section : 0.1 pbpb for SDfor SD

1010--6 6 pbpb for  SIfor  SI

0.40.4σσ
0.10.1σσ
0.40.4σσ
2020σσ

ModulationModulation
((σσ))

33σσ11113737ArAr

8686
1313

23402340

EventEvent
(30m(30m33××3yr)3yr)

55
55

1414

F/B F/B 
ratioratio

11σσXe(SDXe(SD) ) 

n BG  n BG  
××1/1001/100

gasgas

55σσXeXe (SI)(SI)

4040σσCFCF44



4. Future works4. Future works
Event rate study ( Event rate study ( ArAr, , XeXe ) ) 

gas pressuregas pressure，，track length, thresholdtrack length, threshold
Gas studyGas study

CFCF44 propertiesproperties
Background studyBackground study
γγ--ray discriminationray discrimination

Energy CalibrationEnergy Calibration
track length track length v.sv.s. energy. energy



5. Conclusions5. Conclusions
WIMPWIMP--wind measurement wind measurement 

idea : NOT NEWidea : NOT NEW
μμ--PIC fine pitchPIC fine pitch
μμ--PIC PIC 

sensitive to SD and SI, light and heavy sensitive to SD and SI, light and heavy 
factor 10 forward/backward asymmetryfactor 10 forward/backward asymmetry
CFCF44 55σσ detection possibilitydetection possibility
precise studies to doprecise studies to do


