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Development of Drabkin Energy Filters for J-PARC Project
Dai YAMAZAKI, Kazuhiko SOYAMA, Toru EBISAWA and Seiji TASAKI*

Center for Proton Accelerator Facilities
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received January 31, 2003)

In the J-PARC project, the high intensity spallation neutron source has been developed.
Very intensive pulsed neutron beam will be available from a coupled moderator installed at
the spallation source. Wavelengths of neutrons is generally determined by its time-of-flight
(TOF) from the source to the detector, but the available precision is limited by the non-zero
emission time-width of the moderator system. It follows that high precision experiments cannot
be performed with the intensive pulsed neutrons from the coupled moderator.

We have been developing Drabkin energy filters, which effectively reduces the emission time-
width by the spatial neutron spin resonance. In this paper, firstly, we describe the physics in the
Drabkin spin flipper, which is the main part of the Drabkin energy filter, and derive the spin-flip
probability by the flipper in the quantum-mechanical manner. Secondly, the properties of the
resonance spin flipping are described. Thirdly, sweep mode for the application to pulsed neutrons
are described and the effects of the field sweeping to the spin-flip probabilities were numerically
demonstrated. Suppressions of sub-peaks in the resonance spin flipping by modulated magnetic
fields are also demonstrated numerically.

We have developed Drabkin flippers with 10 periods of field and carried out performance test
of the flipper at JRR-3M. Firstly, field dependency. of the spin-flip probability was measured
with monochromatic beam (A = 8.8A, FWHM 2.5 %). Secondly, wavelength dependency of
the spin-flip probability was measured with chopped beam (A = 8.3 A, FWHM 14.9 %). The

results were consistent with the expected values by numerical calculations.

Keywords: Neutron Spin Resonance, Drabkin Spin Flipper, Pulse Shaping

* Kyoto University
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1 [FLC&HIC

BAREF IR & &3OV F— ISR 7R D H [E THED TV 5 KEE RS FhnE st E
(J-PARC) T, 3 GeV £ TIEL fFTE—LEX—4 v MIHZEEE, HRICRWVKIEEOK
W FE—LBRESES. COKBEPRETFE—LDS B, BaBETL—20 56185613
JPOVAHHETFR, PHEFEEREVD, TIUBEL, BOREOERICIZAN TV,

AAETHREIT) FITFURLIINF— T4 NVE— (RSTFV - T VE—) &, #
BREFL—2Hho/(oNE )NV APHTFE—LZ, )WV ABEEAKELELT L, BET
BLDTHS. FLT, BEZO VAT FORESREIEZWNCHET 2 LAARETH
3. Chick b, MABREFIFT 2 ETOBROBEZ, 7SRO MELREMICED B aREN S
HTL%. CORSTFURITIIVF—« 7 4V Z—I3KED SNS FHEICHENTH, F. Klose 5
KX > THREIEDSN TS L2,

RSTF2 e T4 NVE—, RSTFURIZAEYTY 9= (RSTF2 « 7Y wit—=) 9 &,
ZORIBOREEI S5—, RBEFT I S—HhD5E->TW5A. RSTF2 « 7w 3—Iid, ZERirh
FARAEVHBRKZFHL T, REOHREDRBHIUETOARAC Y ZREEES. £ LT, (R
Fc k> TAC Y DKE LT RRD Y. 5 LT, BEDKER L DT FORZED H
TCENEEE TS MOHMTEEL ZORMRER RS TF2 « TU 9 R—ICHTERICK->T
HETE3.

InEIVAFHFICHN LTV ARESRE LTRHVWARKE, FSTFY - 7Y v s—HEOD
MBHEEEETL— 2 5 ORITHMIICHOOETELEES. 5L, EFL—2 D5 DORITHR
ICHEbLET, SRATE L RIFEOHREFOAERO I LIk, 79V AREFOTF— V%
Hy bTEHIENTES.

AR TIE, BEX TICEEDHEE 18 % BEDO RS TFY « 74V Z—FEFELIEY.

AT, RSTF2 - T4V EZ—DFE) IcDWTHNR, CNETICHAR L7 4V Z—D
HEARBR OB RICOWVWTHE TS,

2 KRS7x0 - JY)ynNR—I2&kdREURER

RSITX e T4 NRA—BBRITBRTTF - 7Y v —3—RalE L, #hicEdR, &
JARNC A E DT AR GERRER) DERBEBICK A A U REERFIFHTALDTH S (16
N— +Fig. 1). T TEREZ A VKR, ZRMDHE FAE HBRSEFEEN, FEDOHE
ZEOHHRFDORAC VERIEEEES, LOOIRENSDS. TOBTE, RSTF2 - 71 wi3—
ORI B BHHR TR DIRZ BN EZETHENICERL, AC VKRR ENTS.

21 ESFx2 - 20y wywNR—REOHSE

FI7F2 « 7)w8—3 N AHO#MBEN5%% L9 5 (Fig.l). 2L THAPOE LAY
EBE AR, TOEH o NELL, ZTEMD O TWVS 2 AADOHIBIEKEEIHAEFELIH,D
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HRETHBZL TS, i, 2EICHD>TVS 2 ARIDHA FFIE—KRTHBLT5. T4k
B, B—VRATOMSEZ By, B FRABOBSZ By, LEL L,
By =3%B,+&B,, Byy=3B,-&B,. (1)

72U, By, B, >0 &9 5. LIAoT, |Byjo| = Byl TH%. %72,

B
6 = arctan <—B¥> , (2

93 EEND,0<0< /2 THS.

~—

2.2 —RAPTOHOAPUEE

KLFRITHIET R C VARROR D 2 BT 5B, By )| = [Byjal THBH, HLL
COEERAE v LTBE, RDED KD,

v= () (8) vEETBE. 3

DED, AV By jp EFHUHENT By DADICOTNEAE v RITEIET 5. SR
BB A V2 TOEEETII |

Uyjp = exp [—i(az cos @ + o sin G)g]
= cos (g) — 10, sin (g) cosf — io, sin (g) siné ,
: N7 (4)
Uyjg = exp [—2(02 cos @ — o, sinf) 5]
= cos (g) — 10, sin (g) cosf + io, sin (%) siné ,
EMFB. TH5UT, —AROBEI PRI RIZIERIE
U =UypUy )
= [cos2 (g) — cos 20sin? (—;—)] (5)
— i, cosfsiny — ioysinfcosf [l — cosv| ,

LEHREENS.

2.3 NRABTORAP  AEGE AP RER
= (5) %

U =ug+ uz0; +uyoy + u0, (uz =0)

= cos# —ioysinasinf — io, cosasin 3,
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CLEZTREBLTHS. T2 DODO¥FABICKBERD, a OFMZERWIZTUEDOBEDR O D
i § ORBETEXMIAONBLWVS L THAHED. Lizh->T, N ARICh > TRIEDTE
E9 288, o DHFAZRMW-REEDORE D ICHE NS FEiET B LICRBDT,

UN = cos(Np) — ioy sinasin(NB) — io, cos asin(Nf) . (7
AE U RERTH UN OFEMAEICELL, KA TEX 5N 5.
P =sin?asin?(Ng3) . (8)

T, tana = uy/u, &b,

2

. 1 U

sinfa=1-— 7 =3 Y 7 -
1+tan“a  uy +u;

B = arcsin [, /ug + ugl , (10)

&%, 1—ul —ul =cos? A u IK—BLTVAT L LN DB LNTES.
R, N FAHORBIC X2 A Y REzRIIXXTEASNS.
2
P = ﬁ sin® [N arcsin (\/ 2+ A2)] ,

F=uy, = sin 26 sin? (g) , A=wu,=cosfsinv.

Ere,sin? B=ul +ul &Y

(11)

2.4 HBEH, TeRESH

HIBZRMAE, X (1) BT A=0TEXA5NS. AEVDOREREISHBEADK D T DEE
DHARETHS. 0 < cosf <1 Kb, HIBRMAX

A=0,T#0=>v=7m2n-1) (n=1,2,3,...) (12)

vIiZE N AEZRBRT 55 LEARTOREATHS. LMo T, HBEHFE, SEAHTLS
WBAEYN n—1/2 B#zd 5T LICHYT 3. BRAUN 7 OEEIE L 3158 HBE SIS
EFNEVOR, BEEAHTAE N n BEELUTITICR>TLEI DS THS. COLET =0 ¢
0, RichERLPOICKS.

HBZMAED T TORERELZEMIE Naresinl = (20 — 1)7/2 TEX 5613, $hbb I OFEH
EA=0&D, T —sin(20) LixBT M5,

m(20 -1
6 = (4N )
BUHHHETAE UM 24 AEAVTVS E T3S, A VIIZEEAYTRHRIBORE D ZH2E M
9505, ACUW 2 e A TABIT AL ®E LRI T 20, —RAAERZIC 40, —E#]

(1=1,2,..,N). (13)

RO DB BRI, SUR) ZROMAMBEICK D, BYTHS. DEH, 220 SU(2) HEORIZRIEH SU2) H
BTH5.
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KT 60, »» £72D. THLT N RHEARRICAE VD 2— HHAZBWVTWSERENEEKEL
FrTHB.

THLT, HBEAEDPED > TVBROAE VDOIRSBNEEETS. £7, 0 =15 deg D
WEEZD (16— +Fig. 2). CThidl=1, N =3 OBHCHYTS. ZUBDICAEUD 24
HEAEBWTWVWS LTS, FEFHATAE L 2n - 1)r BEET 5728, ZBERPRTERICAY
Vidzz FE EICKS. ZUT, 20 2z e X THBER n AR TR —4n0, n+1/2 A
FTHICIE +4(n+1/2)0 &72%. LI T, N BB TRICAEC D RZ2REL T 3%14
34N = (2l - 1)w &72%. TNHTERRIEFRSF (13) DBEKTHS. 0 = 15 deg DBEWR
N =3 AR TR TAC UMW REREL, TRIREHR TROAC VO ED v #IFEDICEE
(=@ —-1)r) LIRRTECSCT LIS,

3 HIGHBROMHE

2.3 MITRSDIEAE VR (11) 2, PETRE RGO E LTRLI L I, 5505
IR LR, AE TR, COHBIBONBICOWTEET S,

3.1 REVREXRDOREEKEN

AV VREE®R (11) ZHEETFEE A TERY. SYEAHTORAEVEEEA (3) Zv = h/mp) I
Ko THEEHMAB L,

u:wm_<ﬂ?>( *) aAV/BI + B? (14)

1z, EENRERHRERICKDST 6, = (20 - )n/aN THS. LERRK (11) iR ATHIE, T8
HRROANEO NS, TNERRLIZDON 17T RX—=TD Fig. 3 ThH 5.
HEKEERR (12) & (14) "5BLNB.

res __

( h )(_h_) m(2n—1
" 2|lnl ) \mn ) ay/BZ+ B2’

_(ﬁ)(i) (2n—1)
2|t Mn/ aB,\/tan?6; + 1 )
b T, B HBEE e 1

678.2

=B o
1 a ’ (16)

EEREND. FIZL, BALE N B A BB B X Gauss, ¥ AR E o A mm THB. <D
e 2R v(2) &

A
1

THZBNS.
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CCT, M B2+ B2 IKk37—€7R#EE Q , HBRRICNICT 5P EEZ
VIS = h/ma A LEET L, R (15) ERDK S ICEEHMAIONS.

pres B QL
2a 2m(2n—1)°

Thbb n=10EEZSL, TONIEE v OPHEFHIRL ZREOZ(LORBIMNE RN, 2

DOHBEEDOS—ETIHRFBICF LV EWVLS L THB. chid, BEFHTALC UH¥EEET B,

&) HIBRAOYIBNERRICERT 5. £/, R (18) &, RF 7V w/—DHE&A L KT

W3BM, RF 7V v 3—DBREIREREBETREL, 41 RS B, OS—ET7 R TH - 1=
Ric, HIBY—JDeEEZ R THE L. Rzl

(18)

Narcsin(VI24+ A?2) =kr, (k=1,2,..) (19)
DRI, k BHOYORZ Ay LT icTE, 1 =1 OB, EXKD

Ayy = :i:\/sin (QLN(zk + 1)) sin (%(2& - 1)) (20)

b,

res

A = M aresin | 2tk
T cos(m/4N)

(21)
~ (o) () avmrem e [ )

HIBE—JDORIFEE AN LT L, A = NEB L AN/2. LTS T, 28I

B oS Ay
A=) — A = —_— arcsin [—Cos(ﬂ'/élN)] (22)
THEALNS. Lo T, WIHBERICHHAITS. iz, AN/ CHEFHH N OBKE L
TTI7I LI DN 1T R—YDFig. 4 TH3. N BRKEVWE AT, lBRIMAERIZIE V3/N
K—H3 5. BkfEZHIFNIL, N =10 T AN/A® ~0.172, N = 100 T AN/X*® ~ 0.0173 T
H5.

3.2 AEUVREROABBIGEEKREY
BRESE B= /B2 + B2 OFRE L THBHMREZERZ L EEXS. TOR,

V(B) = <2|/f;n|) (_T%) aB) (23)
TH5.
HIBFRAFIE
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THo, MRLIHHE N ICKEHTS. T2RERMHE, BIck5d 6, =7(20-1)/4N ThH5.

$ 7z, B 2ANT
B

EELTLLTES. MR, A BEICTd 2 BRI, BRICHT 5 HiRdhiR & [ UL %
% (18 X— « Fig. 5) .
Y—7iEs, Fifi L ARICHETE T, (20) BLU

_2B1® ) Aq .
AB = ~—— aresin [cos(w/4N)]

= (a) (i) e s

THEZAbN3. Lizh>T, AB/B:* & Fig. 4 LEICETH 3.

v(B) (25)

3.3 AEPVRERDOHA FRSKEYE

1%, B, ZIEELT B, DHZEATIHGEGOHBMREEZ 5. TORG, B, ZEET 57
DI n, | RFX B78, HIBHRICRN S Y—2Id—DRTIck 5.

6(B,) = arctan(B,/B,) ,
V(B.) = (2'%') (Y aryBZ+ B2 .

HIRRMFZ, X (24) THASNSD, HWIBRHAEHT-H A FiEE Bl L& &, 2eKER
i 0(B™) = 7(20 — 1)/(4N). LIzD> T, TOBED B, ZRDESICEKT I EMNTES.

- () - () () e ()

B, ZIRDIHEERT [, n BEESN B T LICHE.
Ko T, HRdhiRid

(27)

0(B,) = arctan(B™/B,) ,
o= (%) () o'y o2, @

210 (11) IKRAT LK.
HIGRME,

n (20 —1)
B, = B™ tan [ N ] : (30)

772U, BPBRIRBRIC n, | BMEEI NS0, HIBH A FRIBHE 1 D UL,
70, HBE (18 R— « Fig6) 3V TE— VOB EIMEETRES. Chil, BEKREDS
RSB EO MBI T T — I DE I E L >0 L MBI TH S,
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4 IEXBSSAEE DORR

BRI T — ) LB % L ZERMNIERBOMTE ZMAONS. Thbb, hEFHhLR
% LIS EIREN S ARUEBORITR T T N TE S, LIt > T, BIREILICE S Rabi B
DHBRIZICKHS>T, FSTF2 « TJU9N—R KB AV HBRREZRERT S EHNAJRETH
%. $BEIC Drabkin HEDFHRX Y T IITOFEKIRET ARBICHESVT RS TF - 7w
IR—DACUREREEX TS, 2L, T2 TOERIVTNG FRESMSE % FREZHET
BEBADZCEMNFCNBERICODARDIUD. §hbB, B, >» B, DFETH5.

C— LOEITHIE BT L o 12 & % BIRES

B, (0<z<a)
B:=<¢ 0 (2=0) (31)
—B; (—a<z<0)

LELTENTERN, 7V ZERICK-T

2n— 1 a
4B (sm [Ez] + lsin 3—7( + 1sin [S—Wz +
T a 3 a 5 a’ | 7
EERTTENTES.

K (32) DR EKIRENAIZAR 2a/(2n — 1) TZEMMICIRENIT S, Lz > T, hEFO#E R
v &9B L, FORYETH S RizHMTORHRS OREE w, &
mv(2n — 1)

Wn = ———— (33)

EREND. LEMST, HEFOSREADITORIFIE t = z/v LU TRDE S ICE LT LT
&5,

(32)

B =3B, +:I:Z< @) smwnt) : (34)

1 DOIRENAK T DB M 27 TR ORI REERICEE R 52 0, LIRET 5.
TBHE, RELTRAA RS B, & n BEEOEKIRIES (DIEFIRK) ZEXNEXWV. C
Oy, HIGHIEOREA N L3 hud, AC U REERIZ

w2, [20,]\"

P, =
" (wn/2 — wy)? +wzsn

V(wn/2 — w)2+w2] (35)
THZ6NS. 12120,

4 T n
-l (gyz) e (36)

Wan = T m(2n —1)2 o
TH5. TTTE-RALOFEMOAEIL, X (34) D n BHOIRERIE A HKT 3 IERlERR S D
RIBICHYM T B, 358, BIEICKHT S Rabi DHBEMAEL w, = 2w, ThbH
mv(2n —1) _ 2|pn|B,
a h

(37)
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&%%. T3, B, < B, OFRICR (18) L—H9 5. D% 9, R (18) &, ERRIEZ ELRIE T
JERA L 7-FF D5 n JHT Rabi MOAY VK& T % L EDHBERMA, LW S EKICKS.
B, 1T U THIBERA (37) Zi7zd v ICHIET 2 HBHER A L L, 51 (35) I (33) #
RATIE, BRAEVREERIIUTOL I ICEX 5N 5.
2
(A: - 1) + (,,(#”_1))

A 2 2b 2
TN (2n — 1)\/()‘;55 - 1) + (7r(2n— 1)) ] . (38)
fz72L,b=B,/B, & L1z,

RIC, ERRERNREZ . B n HORSIE THBRIES 202K EESME, HERe
A = A DBFIC RN 1 ICERUEE VDT,

P, = ("(%b_l))z 3 sin?

2N = g(Zl ~1),

EEMB. CTTEA LR, HBRGETTRAEYD (20-1)/2 Bl#zd 3, &) S TR (13)
Dl EEUBEKZRFD. THIC, e b DEREND

B, _w -
BN (=12..N), (39)

MEENS. CORDS B, > B, < N>1THb, CNETODHERMNEDILDODIT N AV
ZVIEEDATHBHT EHbhS. FLT, R (39) & N - co OHETR (13) ¢ —HT 3. C
CTH | DRAMEI, B,,B, >0 THBT ehbkES.

A RERONTRRERN (39) ZRAT B L, n FEORIBSICHT 5 HIRHAR P,
MDERDESIELNS.

2
(2N212:zl—1)) A 2 1\2/20-1\?
FPny = 5 5 sin® [N (2n — 1) ( - 1) + (_) ( ) )
A1 211 Ares 2N ) \2n—1) .
(,\;;s ) + (2N(2n—1))

(40)
Drabkin DFERX 4 % F.Klose 5D X YV THEX THARERDRZ, TOEZRSELEMICX
BLDTHY, TCTn=11=1LtDICHYTS. £/, BEICKRD (11) XTI, ¥
VRERBORREKFEEERI-FFCH LD n ODHBE—IEZEATOEN, LD (40) XTI, n
BHOHBY -0 DRI ELD.

(40) XTn=1=1 DL ZTDHLBIHBERICLIzE DN 19 X—TJD Fig. 7 (£) TH5B. C
OEE, AR N 310 L LTHELTHS. ThBERD L, FERSEALIC X 2 HBghsit, B
HIRD I HIBMERE HIB Y — 7 ZIE—BL TV AN, Y T = TIEVDHLATH S, i
BE— I MENLSEIDIE N =10 TR EDHEE B,/B, MIEL, /B2+ B2 & B, hNig
E—BTEHETHS. N=21c55¢, HBEC—VDMERTH, Y TE—2DBVLEIETD
(Fig7 ) . CTOLX, EAHBHETE n =23 OHBY—Z7EXICEHNTWS. N =100
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COESIBGRHBEEF ORI TF 2« 7Y wiS—IlDOWT, AU RinHE B #MICEHR
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foil current zigzag folded
/—]—-——} aluminum foil
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n > 2
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- By ®®
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Fig. 1: Magnetic field in a Drabkin spin flipper. It is composed of uniform field B, and
alternating field B, perpendicular to B,.
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Fig. 2: Spin direction at the exit of each half periods when 6 = 15 deg. B, is the field in the
first half period and By, the field in the second half. “1 /2" is the spin direction at the exit of
the first half period of the first period. “2/2” at the exit of the second half period of the first
period, “3/2” at the exit of the first half period of the second period, and so on.
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Fig. 3: Spin-flip probability by a Drabkin spin flipper. n-flip condition is supposed.
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Fig. 4: Relation between the peak width AA/A™ and the number of periods N.
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Fig. 5: Spin-flip probability as a function of the total field strength.
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Fig. 6: Spin-flip probability as a function of the field strength of B,.
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Fig. 7: Resonance curves for N=10 (upper) and N=2 (lower). p(}) is calculated rigorously and

p2(}\) is calcurated with sinusoidal-field approximation.
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Fig. 8: Calcurated spin-flip probability when the Drabkin flipper (N = 100) is driven at the

sweep mode. The position of the flipper is 50 m and 15 m from the moderator.
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Fig. 9: Calculated spin-flip probability when the Drabkin flipper (N = 10) is driven at the

sweep mode. The position of the flipper is 15 m and 1.5 m from the moderator.
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Fig. 10: Modulated B; can be generated with the current foil with modulated width.
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Fig. 11: Gaussian distributed B, for ¢ = 70 and 100.
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Fig. 12: Calculated spin-flip probability in the case of Gaussian B, for ¢ = 70 and 100.
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Fig. 13: Experimental setup for the measurement of the field-strength dependency of the spin-
flip probability. B, is generated by a helmholtz coil and parallel to the vertical direction. The

current-sheet system, which generates By, is mounted at the center of the coil.
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1,(=0.488L) (A)

Fig. 14: Field-strength dependency of the spin-flip probability. Black points are measured data

and the curve is calculated data.
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Fig. 15: Spin-flip chopper (SFC).
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Fig. 16: Experimental setup for the measurement of the wavelength-dependency of the spin-
flip probability. Pulsed neutrons come from the spin-flip chopper (SFC). B, is generated by a

solenoid coil in the center of which the current-sheet system, which generates B, is mounted.
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Fig. 17: Measured strength of B, generated by the solenoid coil and the fitted Gaussian curve.
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Fig. 18: The field of the pulsed spin flipper, which is the main part of the spin-flip chopper, and
the spin-flip probability. The spin-flip chopper is “open” when the spin-flippings do not occur.
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Fig. 19: Pulsed neutrons from the spin-flip chopper.

35000 — . —

30000 t
25000 t
20000
15000 |
10000 t
5000 r
65 7 75 8 85 9 95 10 105 11
Wavelength (A)

Counts/40000 sec

Fig. 20: Neutron spectrum when the Drabkin spin flipper is on (black) and off (white).
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Fig. 21: Wavelength dependency of the spin-flip probability for several current values. Black

points are measured data and the curves are calculated

data. The current values (I, I,) are

(A) (11.13A, 2.36A), (B) (10.00A, 2.12A), (C) (9.10A, 1.93A), (D) (8.35A, 1.77A). The ratio of

the two currents was set to 0.212 for each case.
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h = 6.58211889(26) x 10722 MeV sec
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o FHFHER
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~ 1.674927158(94) x 107%" kg
(1eV/c? = 1.782661731(70) x 1073 kg)

o HETHTE—AV b
pn ~ —6.0307739(14) x 1078 eV/T

o M FOITXIVF—LEBEDORZ

E _ _
— =5.2270 x 10 % eV (m/sec) ™2

o HHEFOIXIVF—LEROME

EX? =8.1804 x 10~ eV nm?

o BANZEE (PHFOEE L RROE v))

LONS 3.95603399(38) x 10° m/sec A

n

o BANZER (S—E7REBEMEDOL wp/B)

2pn

= ~ —1.83247188(44) 108 rad/sec/T

~ 2.91646958(70) kHz/Gauss

o FD2EHDHE

(L) (i) 7 = 678.22384(56) mm A Gauss
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