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Development of a Neutron Reflectometer SUIREN at JRR-3

Dai YAMAZAKI, Atsushi MORIAI, Itaru TAMURA+, Ryuji MARUYAMAX*
Toru EBISAWA, Masayasu TAKEDA*2 and Kazuhiko SOYAMA

Neutron Technology R&D Center
Quantum Beam Science Directorate
Japan Atomic Energy Agency

- Tokai-mura, Naka-gun, Ibaraki-ken
(Received January 31, 2007)

A new neutron reflectometer “SUIREN” has been developed and started its operation at the
research reactor JRR-3 of JAEA in 2006. ' '
SUIREN (Apparatus for Surface and Interface investigations with Reflection of Neutrons)
provides monochromatic neutron beam with wavelength of 3.8 A and vertical sample
geometry, which is suitable for studies on interfaces involving solid layers of soft materials,
magnetic materials, neutron mirrors and many other things. Collimated neutro‘n' intensity is
about 2.1~2.6X 104 n/s/cm? with A6=0.08 deg at the sample position. Background is as low
as 4.5X 103 n/s when a local beam shutter is closed. A demonstration experiment showed
that specular reﬂectivit& of a silicon substrate of 3 inches in diameter can be measured down
to 106 over 0 < Q. < 0.22 A1in 27 hours.

This paper describes the beam-line and components of the SUIREN reflectometer, some

results of test measurements and future plans.

Keywords: Neutron Reflectometer, Surface, Interface .

+1 Department of Research Reactor and Tandem Accelerator
*2 Neutron Materials Research Center
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1. 1 hiEFREGE

BT REE DI, WE - BEOREHIOMEL BT 2 ERFETH S, PHTRHE
M HREOES FRICHT 2 BITRONHEFRET 2 2 LR TE, EESRERLREOEEIC b
E32, BEENOET um U EOESET, nm ORETREMEOHEERRED Z L BHK
5. | |
W DEEFHECEIEOET - RETIE, TORO 2 RITHIC X AR REMENRE - K
OMWEITE 2 BHRIZEY, AAZTRADRRVEHRAZERS - BESER STV D. X
S L LT, BT, MR, BT/ S R, ek - SREER, PHETI T —REORE -
REMERDY, TOMEREDLLIREL UTHBUIEN, W, B, 88, HEBRERLR
&, K- AEOEDAYFRECEE THE.

#E - REERLFHE LT, FHTRINEIMC b XBRHIE, F7MDEMEE (AFM),
QWA A VERSH (SIMS), A —V=BFHkME (AES) REMXIHFETS. LAL, &K
FREF T TREIRbNIREE Tk, ERE CBRITE 5 OIXFHET & XRORFEDH:
THD. SLICHHEFREER X BRFECHKLT, UTOL ) REEERFE-> TV 5.

BRI O S F IR 2 BITRONHIKET 5. XROBE, BIFRITRBNOE
FHECKIET . E-T, XBRFETEFEROELS R B TEAR LT VO, KT
BEDOKXED TEE bOBILRAEETHS. TR LFREEOHE, BITHRIT
WEOTYMMELREECHET 5. THERELRL, BF TR RFROMEIC o TRED
WHEBECHD. T LT, BEFESMNEL ThH, SHICHRALTHRCORENEXIT, BELRIE2
QST B, Lo, THEFRIEI LT, XSMECHEROELY, FFESMED
b HVIER UREN SR B BEEOBRMBTETH 5.

R OBEEDENAZFIA Lz b0 L LT, KE - BEARBRENRDHS. FHETIL, 8K
% H LEAE D KR LT, EANOTFHHEILEZE-.

b.(H)=-3.7423 fm , b,(D)=+6.674 fm .
TRICE Y, AR BT S OEERORETIE, HFO—HHOVWT H £ D (@
WM AR EOFRICEY, FEMYOREARBEICTL FT A AT, HEE LY BRICHTT
BT LNES. £, ABICET S H0 & D0 OHEEFEL, A2 bOFREHELES
EAPRILT I EREBTETHS.

T IME O E— AV b EHEEAL, BITRERET A B XOYEOBKE— A
v MCBIKET D, o T, PHFREECL VESHFAORIT—A Y FOSHERDIZ L b
H3ED. ZhL, BEKEEETER EOBRRBICRARTH S, :

T X 7 Y L B LT O ME~DORINEINE L, To b BNE ZAETHERRES
S LAHES. £, FRERAEL VI AICBN TS, XBTHORBERI LR ST, REe
B LTUED 2 ERH Y, MBI TR, FHEF TR L AKBRETHEOL
Tz LITEL, SOICHEBEREIZEMNTNDS EWVZD.
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1. 2 @S- BRICE TS PHFREETORERR

Bk T, PHTFRESHOBEIIREICEL, £ PHETFERBR CIITRCEREOH
PR RHPBEI L TCWA. BRMNTIXT TV RADT x5 P a NURSERT ILL? 1235,
EETF 74— K- Ty 7N N BFEFO ISISY 1228, R4 Y2~y TRKO FRM-I Y
W3 EVPREINTWA. KETIX NISTY 12358, ux7 T % AEHFZEFHDO LANSCES |2
2EHRBETTHD. M PINEOMER CPEFRERHABEH L T D, SHITHLVK
BP TR CHHRED ISISHE 24—y hAF—Lar? L¥ED SNS?P T, FhEh
3B, 2EOHMFRNERINIZEINIFTETHS. ‘

ENICAZELS &, B 1 8ERE TIHRTH#E JRR-3 OFETRIEH MINE?, &
T LR — RS SR T RSB e KENS OfRMETHEFRA4T5R3 POREY, 3kt
REEI DT R4 ARISAY bHb¥ T3 BDOFMTRAFINKRIHL CBY, AW TR
4% SUIREN #B8%f%17- COARIRTH-7. L L, KENS RER 1 8EHKICT ¥
v MO LEZ &K, BRTEB T OFHT KRG IL MINE O & 720, 3k SUIREN
NEB & A0 BIE, EBNOTETRERFNIEFFOBEATHEF%2FIH L SUIREN &
MINE @ 2 B0 Lo TW5,

SRR 2 O R ICERBh & 545D B KIREERS F-INEEE i3 J-PARC OWE - B2 ERNER MLF
T, BUERBIKER ik R AR5 12 OBISEED b TH Y, MLF ORBEBIME &3 EL
PIZIZERNAEIZRDFETHD. L, TR TOERER, BROPMHFRERHIX
SUIREN, MINE & 2 BTHEFERALERTG - AEAFEL XL T Z EIZR5.

SUIREN & MINE ¥tz a7 & 2 B REE BRI K H R Th 5. SUIREN A%k
BEENDE NSy 7 757 KT, high-Q MIORELBEL T 505t L, MINE iZEEAE<L (8.8
A), low-Q MDBEEIZHR. 72721, MINE iZF YA AT TR LTt b£A LT
BY, RERNEICHEL S E—b8 A MIRHED 34 BETHE.

2. hFREES SUIREN OBIE
7 R4 SUIREN 1%, #E S.8ADBEETHTLFIA L b FRERHTHS. L
oo T, BERFRBEIL O 2 0XAF v Lo TiThbhs., REEREL, BRCIIFER
ThHY, BERBBIUVERATRREZRET S LN TED. £, REHREL U CTRESEIN
AEMAEZERL, FERFEEAELZITIZLLAETHD. ’
BIERSEE &L FTERIC W T, BB A X2k b00, KX 106 UTETORIEL 1
ARETIT) ZERTETHIZ L%, RICBRRIFHERRTEIEL TV 3.

2. 1 E—L54 HBE

it F R 5 R E SUIREN 1L, JRR-3 B — ALK —L D C2-2 R— MIREIN T3, ZhiZ,
BHPETEE C20E—ALT AV IIBIT22BADOERF—NTHY, BPHEFRELERT N1
ABAFEIEE LTAS (C2-1)1® OTFHR, FHFAE L =a—4¥Ek INSE, ZEEET v ~Hy
Wri&@E MPGA, BT 7047 5 7 1 %8 CHOP, /S AHHE-THEREAREEE CNRF 72 &

_2_
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DO LIRIcH 5.
SUIREN t—A 54 VOBMERIUTOEEBY THD. (K1, 22R)
(1) C2E—ALTA U PHE/ I RA—FZTE—LAZRY HT.
(2) 7ANVE—TERBERSERYRE, BEESOHZZRY HT.
(3) 2BORY v hTE—LEaY A—FT5. ZOM, BEET7 74 bF=2—7 TEXBELIC
LKA AHRERAEBGS.
(4) BEHcE—2%2AHFL, KHESES.
(5) REIDOBAIIEZET T MAREE, BREEILEI DNy V50V FEEL.
(6) MHBITRE Lz HEFEREL, 38T 5.
UTFTC, E—A5A v EDF Iy B—Fy MIOWTRORHEMIZIE~S.

2. 1.1 £/98*A-4 .

E)rur—4 (M3@) WK, Y7774 MEREEHAL TS, #&EOY A 213 100 (H)
X 20 (W) X5 (T) mm3, %A 7 XRit 05deg TH5B. ZhiCk->T, HA FEICL-TH
PN TETZHMETE— 5% 69 EDFMIC Bragg R S® D Z &2k Y, ERA=38A, HRA
fERE 1.3%DHFHTEEL Lzt —2B (00D,

2. 1. 2 4048 —

T rurA—ALORFE—AE, A=3.8ALSMTH, M2, M8 REDEFHBERIEZEAT
W5, ZOBREROE, KERUET—F DT 2 BT HTDOIMI RS ZEBLETHS.
SUIREN TiiE /7 nA—% LRHEED ST 7 74 ME@EFIAL, Bragg REIC & - THRM
Wy EEOERS (X3 0).

EELE—ATATHTECEE SN, SoIchEETEE CORNEZET C2-2 K— b ETE
ERTEb0ThHY, WEOEVESEEERRII RN, £ZT, ZOT74NVF—=TH, E
—ADOFRHAE 345 EicAbE, KHEMN2=19ADESEWE HT X I ICRE L.

2. 1. 3 E—=LYyys—

B ALy v A —EREE O FEMCRES N WS, =7 V) v — Lk VT ny 7 %
LR, BTERBHOT, FERAL v FICLVRAMATD.

' 2. 1. 4 E—ALFO7— ,

EEEEEI COBEIEE, Ny /77Uy FEBEBENL LT, Ay FURTTTFOE—A
P AKETHY, T4 NE—DRAIEBIN TS, $EIL, SLIF =& x L REHETHEYD
TRIZBYEDZLDOTHD.

F)rAR—E, TANE—DORDT, E—bt A XTFE 20mm 1B L 258, £ DBHE,
ZY v bT 2mm UTFICELNB. LaL, AUy bMAERS BCBEREETH D7, FHETFR
ORI vy BAKE SN, THIREREOWBEZHEOTET TR, MEDPRDO ANy 77
Swy RCbEEPEX 2BNEDHE. ZhEDP L THLIMA A0, FHTRIROERO T =i
ER/NEN 6] TE—L &2 mm K- TBLDOTHD.
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2.1. 6 RYwyh :

2V ME, BEAS~AHT I E—L2Z2BFmMIca ) A— N, AESHERGTI2L0TH 5.
E—arnU—E#%EREERIEIMNMTEY (K 4), AETIEENENEZE1IRY v N, &
2AY y FESZ LIZTD., ZO20o0RY v hOEETEARNIZRAICTHS.

SUIREN 2 Y » Mz, FEEAZ 0.01 mm THMTL L% B BERAEEZFERA LTS, 2
DO BCHRER S DX I, EVIATEEI XHICEBL, HBIRAT—Y THMSIIZBE L T,
BZITY. BEART—VOBEBKEIZ0um TH5. HEY 7 b7 ETIE, 28D BlC
BENENOMBERICETIC, AUy NRLMIE, 2V v MEZEETS - L 8T 5.

F72, BICHRIZE 2FHEFE—ADORKKFEZMZ D720, BiCROMEIZITHT0IMER 2 o
Thsd.

2. 1. 6 EEI25A4 +Fa—7

BET774 FFa—73ERHENC L2 B —LERDOME], Ny 7 7T FOKREE B
MELT 81, F2X) vy hOMBLURBE L REBOMICEINS (K 4). ARE 80mm
dTHY, NEBEZIINT RV = U LREAERCSZBALTCHD. £, R —BRHEERD 7
FTA M Fa—7, EFREAEZICHE 6mm OFETRAY v MERE L, REHEME CRAEEL S
NPT IR B A D O E T 5. |

2. 1. 7 ASE—LE=S—

HEOERIT, ARE—LBEOE(LEZEET S (K 4). SUIREN ® _EiE, C2-1 A— M
3H5LEE LTAS SRESh T 5. LTAS OF /7 1 A—# ik SUIREN OFEFCE— A%
B HTDil, F0OF ) 7ui—Z0/AEIZE->T, SUIREN OE—ABENRETS. v
—ALE=F Y, ZOBEECEBRETSOICANVS.

T= 4 —RHEHTIE, 3He 0 0 WTEMIIEHA L, A E—AD T GUEHT LY & 20 i
5 THRHTS. £ ORBTHE, ¥4 <—TClER E=F —HECRERMOBKILE1T-> T
AV

2. 1. 8 HH&

REE T, RptoEmEHIEE: (0s), 28DOT (v~ (KF#hEER), £HFFT8E), LT
BEHIET S IR T —UNRBEINTWS., BEEEIIEEHEERT 0.004deg, 71/ F
T 0.01 deg, £4HFT7#%8), ETHBEIT 0.0l mm ThH5.

HEHEIX 500mm ¢, THFEN 400kg T, KEORBBEORELAETHD. =7 LB
RIEN 100kg B2 254, MAEOBKRT, 36 CIXEEGHEEELZ OFIE S HI V.
ZDH, EVWRBRELZFHADE AL, T 0 B H B S HORIEEEZ M RONERD 5.

2. 1. 9 BRHEB7—LA

RHBT — ARRBEOTHRICERINTVWARETHS. ZORELICE, BE75( FF
2—T LRRHEBNREIN, TR=T ANy Feae—F—TXxTW5. RETIEEAELEZ D
BRIZIEX, ZOREBEILRHEBREBEIES. ZOK, =7y RCRER2Z LI Cn—F—%
L, = a— ¥ TCHNEZEBELOOBET LS. BEEEILX 0.0056deg TH 5.
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2. 1. 10 BHE : ,

PRSI, 3He D ORTRHBERAL TS, ZORHEIL, Ny 7T T FE
AW T2, BC IR & = R¥E S RBHE %75 72 #E 375 mm X # 250 mm X B1T 250 mm
OBEFRAENEIZ D S5 (X 6). Z DERARIZIE, FHEF 22T AN S HE 100 mm X4 10 mm
DEBFNTEY, ZZEH FIvLMORY v M (RESEARAY v M) 2RETHZ EBAHERS.
RHEERY v FolEE, RHICXY 0.25 mm, 0.50 mm, 0.70 mm, 1.0 mm, 2.0 mm, 4.5mm,
6.0mm, 10.0mm LRI TX 5.

2. 1. 11 RREEKET

SUIREN T, MHBET—L2B8TABICo 7 Ny FIZX 38217 2%, KEEED
AREMLMELERSND . REBORBITTHF VBT K 1I0mICE->THITERTHY,
EEHREEILE100 pm PAN, BEEEIX 85 L7220 T\ 5. ZOKE ETHRIEET — o % FHEICEEE)
TAHRIELENTES.

2. 2 FEAT a3 OBE _

' K&tRE SUIREN T, REPETRFAEREL TE5 L9, BT a v OREEZTT-
TW5. BIE, BT (RBA—/1—3I 7R ¥ —) BILORE~< 7%y M3FATE, 1V
IFRICIIRBF BB ESND. sk Y, e RBEMERERIIE RS L U9ETF I EREL 2 RE Lz
By 7 750y FORRRAENTRICRS. AETI, FEBETF, R~ xy FOBIEB X
VMRIBRSROT A MUIEEROBERIZONWTIHENS..

2. 2. 1 REBF

SUIREN TAT 3 REFIL, RBEA—/—IF—_0F— (UTF, FEv&—, K 7)
Thb. RBSNF—ICHEFEAS ST &, 38AU EOPHTIINM CRMBSh, EITH
% 2.388 deg HIFHNTIWMY Hah?d (M8). £z, FHEFOREESLM (up T, downl)
i, REBSVF—ICHINT 2R DR E I > TRIRFETH D.

R X —iE, EH 0.2 mm ORa 71— hH 5 AOMEIFEA——3 F—%=2— b
L, & 0.9mm DT NAVIPAR—PLRBEIHEALTAZ v 7 L, &% 6.0m OffZ¥E
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WiholzbEZ oD, SHORBE—LT A VORBEILPLETHD.

SEW, BEbv Ry MEREES LCREL, 7R MRBIE LT, BIEKFETHRESLE, &
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/ Monitor
/ Detector

Evacuated Detector
Flight Tube {

Evacuated Flight Tube

il (N
i N\
Sample Direct—-beam
Slit2  Stage Catcher

Detector

2 View of the SUTREN beam line from the filter box to the detector and direct-beam

catcher .
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(a) ‘ ()

3 (a): Graphite monochromator mounted between cold neutron guide tube. (b): 1/2-filter

of graphite.

|

Evacuated Flight Tube . , . . '
. _ L T A - EvacuatethghtTube

4 Beam-line components around the sample stage.
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| Sintered ByC

Sintered ByC I

I
I
I
|

Neutrons

X 5 Structure of the neutron slit.

Shielding BOX

Exchangeable Slit

Direct-beam Catcher

6 The neutron detector used at SUIREN. A 3He detector is mounted in a shielding box
filled with B4C resin. An exchangeable slit system is placed at the beam window of the

shielding box. A direct-beam catcher is placed after the detector.

7 Polarizing neutron bender with reversible polarizing direction. Characteristic

wavelength is 3.82A.
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(

o |2388des

8 Polarization of neutrons in the bender. Neutrons with spin “ | ” are not reflected and

absorbed by the mirror substrates (borofloat glass) .

Detector

Monochromator - Filter

2.388deg

Polarizin'g Bender

X 9 Layout of the polarized neutron beam line with the polarizing bender. The direct beam

line is changed due to the bending.

(a) (b)
10 (a): The sample magnet. (b): The sample magnet mounted on the sample stage.
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U B B

~ 11 Screen of the SUIREN control software.

4
30><1() ! : ’ :
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2 o0l b i
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8 ST+ ) AU U SN VT E———— i i
4
S T B . ]
Si=Tmm =
S1=2mm ©
O J. 1 L 1

0 02 04 06 08 1 12 14 16 18 2 22
$2 width (mm) . ’

12 Collimated neutron intensity as a function of the second-slit width, while the first
slit is fixed at 1 mm or 2 mm. Beam height is 40 mm. Distance between the first and second

slit is 1450 mm.
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80 T T T T T T

60 - E

50 |

40

30 + 1

BackGround Counts / 10% s

20 | RoomBack "
Avr:45.29 +/- 7.99
10 + E

ol . L L ) | 1
0 2 4 8 8 10 12

26p, (deg)

13 Background as a function of the detector position (20p) measured when both the

local beam-shutter and the detector window were closed. Measuring time was 10000 s.

250 — T T
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St=1mm, $2=0.5mm —e—

200

150

BackGround Counts / 10000 s

100
For S1=2mm, S2=1mm For S1=1mm, S2=0.5mm
50 Preset 50M ~ 9200s Preset 15M ~ 9200s
Avr: 150.45 +/- 21.0 Avr: 113.56 +/- 13.8
ol L ; \ L L A
4 6 8 10 12 14 16
(a) 20, (deg)
600 T T v y v
S1=2mm, S2=1mm r—e—
S1=1mm, $2=0.5mm +—e—
500 F E
400
300 For S1=tmm, $2=0.5mm

Preset 50M ~ 30700s

- HW/H\*\N |

100 + For St=2mm, 82=1mm -
Preset 50M ~ 9200s

O Fl i 1 1 1 1 1
4 6 8 10 12 14 16

(b) 20p (deg)

BackGround Counts / Monitor 50M

14 Background as a function of the detector position (26p) measured whén the local
beam-shutter was open. (a): Normalized with time (10000s). (b): Normalized with monitor
count (5 X 104).
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Aeinc'=0.043deg ]i—e—(
AB;,=0.055deg —e—
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01r ¢ A6°=0.118deg =
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1e-005 | ]
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Q, (A

15 Neutron reflectivity from a silicon substrate. Sample 'size_ is 3 inches in diameter. An
oxidized layer of 5 A is assumed for the “Calculated” curve. Measuring time was 32 hours,
but it could have been reduced to 27 hours by reducing measuring points between 0.032 < Q.
< 0.095.
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16 Neutron reflectivity of a Ni/Ti multilayer coated in JAEA. Inset shows a magnified
view of the reflectivity for 0.04 < Q, < 0.06. It took 29 hours to measure up to the 4th peak
(0.28 A1) and another 30 hours to measure up to the 6t peak.
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17 Off-specular scattering from a NiC/Ti supermirror (m=3) measured with a rocking

scan. Measuring time was 19 hours.
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18 Test measurement of polarized neutron reflection for an exchange-coupled layer.



# 1 Collimations and measuring times for the silicon substrate (X 15) .

JAEA-Technology 2007-030

Q: range Collimation Number of Averaged measuring | Total measuring
(A1) (deg) points time for one point (s) time (s)
0.000 ~ 0.032 0.043 55 200 11000
0.032 ~ 0.053 0.055 38 200 7600v
0.052 ~ 0.095 0.067 75 500 37500
0.092 ~ 0.115 0.118 15 500 7500
0.115 ~ 0.220 0.118 27 2000 54000

# 2 Collimations and measuring times for the Ni/Ti reflectivity measurement ([ 16) .

Q: range Collimation Number of Averaged measuring | Total measuring
(A1) (deg) points ‘time for one point (s) time (s)
0.000 ~ 0.063 0.016 110 235 25850
0.058 ~0.211 0.047 133 268 35644
0.201 ~ 0.273 0.059 42 960 40320
0.262 ~ 0.486 .0.059 130 940 122200
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