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Heynpyroe paccessiHne HeUTPOHOB:
0030p YCTaHOBOK

[1.A. AnekceeB

PHL «Kyp4yaToBCKMWA NHCTUTYT»



HemMHoOro ncropum

Omkpbimue HelimpoHa — uerno4ka cobbimuii Ha pybexe 20x-
30x 2.2., 3akaH4uearowasicss pabomou [x. Yedeuka

Hxeumc Yedesuk

B 1920 akcnepuMmeHTanbLHO NnoaATBEpAUN PpaBeHCTBO 3apsaaa aapa
NopssAKOBOMY HOMEpPY 3fieMeHTa.

U3yyan nckycctBeHHoe npeBpalleHue 35ieMeHTOB noa AeNcTBUEeM
anbda-yactuy (coBmectHo ¢ Pesepcopaom).

Bonbwon 3acnyron YeaBuka siBnsieTca oTkpbiTe um B 1932 roay
HEeUTPOHa Npu obny4yeHuun GepunnMeBon M1ULLEHN NOTOKOM anbpa-yacTuu
: (Ho6eneBckas npemus, 1935 r.).

Mxenmc YenBuk B 1943—1945 Bo3rnaBnsn rpynny aHrmMMCKMX y4€HbIX, paboTaBLIMX B
Jloc-Anamocckon nabopaTopuu Hag NPOEKTOM aTOMHOW OOMObI.

In the 1940’s Wollan and Shull
applied the ideas ofx-ray diffraction
to neutrons (Oak Ridge Graphite Reactor)




HenTpoHHOe paccesiHue. UcTopuueckme Bexm.

1994 — HobGeneBckas npemMmud no dusnke npucyxaeHa 3a:«fuoHepckuli exknad e pazsumue

MemoOUKU HelimpOHHO20 paccesiHUsI 8 hu3uKe KOHOeHCcUpPOB8aHHbIX cped»

1994 Nobel Prize in Physics

Neutrons show
where atoms are
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Detectors record the directions
of the neutrons and a diffraction
pattern is obtained.

The pattern shows the
positions of the atoms relative
to one another.

1932 — OTKpbITME HEUTPOHaA,
MU3epHble HEUTPOHHbIE
NOTOKMU

Cll'ﬂ G. Shull, M,
Carmcbridg e, Mass, qu‘“l

Crystal that sorts and
forwards neutrons of
a certain wavelength
{enargy) - mono-
chromatized neutrons

1952 — PoxnpeHue meTopAa,
nosiBNeHNe UHTEHCUBHbIX
HEMTPOHHbLIX NYyYKOB

Neutrons show
what atoms do

Betram N. Brockhouss,

Hcater L| ilvesuty, Hamilion
rio,

3-axis spectrometer with ¢,
rotatable crystals and O\T
rotatable sample &
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When the neutrons
penetrate the sample
they start or cancel
oscillations in the
atoms. If the newtrons
careate phonons or
magnons they
themselves lose the
energy these absorb

= inelastic scatt ering

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) - mono-

chromatized neutrons - andiie netning

then counted in a
detector.

1970 — HenTpoHHasa cnekTpockonus

1980 cTaHOBMUTCA NPOAYKTUBHBLIM
3KCnepuMeHTarbHbIM  MeToAOM



Pa3BuTtue n copepLieHCTBOBaHMEe MeTOANKU UCMNOSIb30BaHUA
g HENTPOHOB B (hn3nke TBepporo tena u chnsmnke agpa.

Ha4ano ¢gpusuvyekux uccnedoeaHuli Ha peakmope NPT-1000...1P-8
Cnekmpockonus
[lepBble CNEKTPOMETPLI MO BpeMeHU nporseTta Ha peaktopax MP u UPT (MA3), BBP-M

B AN AH YCCP «HYPMEH»(KneB). Konnektnebi: POT — UPT M.I.3emnsHoB,
H.A.YepHonnekoB; BBP-M W.M.CagukoB, A.A.YepHbiwoB, U.I.Epemees.

--- YCTaHOBJICH MEXaHUYECKU MOHOXPOMATOP
HeUTpoHOB (B ~100 pa3 6ojiee CBETOCUIIbHBIN, YeM
KpUCTAJNIMYECKU MOHOXpoMaTop). ITocie
MOHOXPOMAaTOpa HEUTPOHBI NAJAOT HA 00pasell U Y-
Jy4d 3aXBaTa aHATM3UPYIOTCS MHOTOKaHATbHBIM
AMILUTUTYIHBIM aHAJIM3aTOPOM.

MexaHW4eckuii MOHOXpOMaTop ---- Hauunarotcs uccnenoanus no GpU3uKe TBEPAOTO

HeWTPOHOB T€JIa C TIOMOILBIO PACCEAHUSI HEUTPOHOB:

- YOPYTOro KOr€PEHTHOTO PACCESTHUS KakK

JOTIOJTHEHUS K PEHTTE€HOCTPYKTYPHOMY aHAJIU3Y;

- HEYIIPYTOro paccessHusl Kak MPUHIIMITHATIBLHO

HOBOI'0 METO]1a UCCJIEOBAHUS CIIEKTPOB

BO30YXIEHUS KOHJEHCUPOBAHHOTO COCTOSTHUS

BEILIECTBA.

MHorokaHanbHbIM aMNIUTYAHbIN
aHanusaTop C NaMATbIO Ha
3NEeKTPOHHO-NTy4eBON TpyoOke



lNMepBbin OTe4YeCTBEHHbLINU CMEKTPOMETP NO BPEMEHU NnposeTa
Peaktop UPT-1000
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MEXARHYECKHA

OBPASELL  pEPLIBATEND
M.I.3emnsaHoB, H.A.YepHonnekos,
Proceedings of f simposium ”Pile neutron research in physics”, Vienne, 1960



y Pa3pa6oTka U co3gaHue TPeXOCHOro KpUcTannanyeckoro
£ cnekTpomeTpa «ATOCx»(IF3K 5).

NMpegHa3HaveH ans nccnegoBaHmsa ANCNEPCUOHHBIX KPUBBIX KOMNNEKTUBHbIX
BO3OYXXOEHUN B KPUCTaNNMYECKNUX BeLLecTBax.
Konnektus: M.I.3emnaHoB, U.B.HaymoB, A.E.N'onoBuH, B.A,CoMmeHKOB,
H.A.YepHonnekos, M.M.MapwuH, A.lO.PymsaHueB 1968 — 1975r.r.




BPEMEHM NMPOoJieTa Ha CTaUMOHAPHbIX UCTOYHUKAX HENTPOHOB (peakTopax) u

y B 60-e roabl 3anoXeHbl OCHOBbI Pa3BUTUA HENTPOHHOW CMEKTPOCKOMUKU No
@  MNYNbCHbIX UCTOYHUKAX (Ha 6a3e yckoputenen anekTpoHoB) B OPTT.




O yem nounpgeTt peyb

1. OcObEHHOCTN HENTPOHHOIO N3NYYEeHUA, onpeaenstowmne ero
«HUWy» cpeaun apyrmx metogos OKC

2. OcHOBHbIE 3aa4n 1 MPUHLKUMNBI HENTPOHHOW CNEKTPOCKOMUNN

3. OcHOBHblE METOAbl HEUTPOHHOW CNEKTPOCKOMUN:
- TAS (TpPEexXOCHbIN KpUCTasrnMM4YeCKN CNEKTPOMETP)

- TOF (TexHuka BpeMeHUu nponeTta)
- SES (cnuH-9xo cnekTpockonus)

3.1. INpuHUMNbI OeNCTBUA pasfNYHbIX TUMOB CNEKTPOMETPOB

3.2. Bbibop cnekTpomeTpa Ans npoBeaeHNsa UCcneaoBaHus:
- NpubopbI BEOYLLUMX HEUTPOHHbLIX LEHTPOB
- MPUMEPLI N3 MPaKTUKK



OCO6eHHOCTU HEUTPOHHOIO U3JTy4YeHus,
onpeaensoLlmne ero KHUWYy» cpeaun Apyrux
meToaoB PKC



How do we produce neutrons?
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Y10 MbI y3HaEM ¢ NOMOLYbFO HEUTPOHHOIro paccesHus:

Lnppakuma - kak ycTpoeHo selecTso?
CrneKTpoOCKOnusa - rioYemy OHO TaK yCTpOeHO?

BosmoxHoc Tu gpoToHOB
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XapakrepHbre 0CcO6eHHOCT TernsioBbIX HEUTPOHOB,
cylyectseHHore Ana PKC

Jlerko npoHuxaer B o6vem BelyecTsa, TAK KaK 3J1EKTPpUYECKU
HeUTpasieH

HeTpoH B3amumonercTsyeT Kak ¢ SApamu, TaKk M € MarHUTHLIMU
MOMeHTamm

SHeprua u AnMHa BOJSIHEI - Maclwrtaba BesIMYUH, XapaKTepHbIX
A58 BO36yXAeHUN B KOHAEHCUPOBAHHLIX cpeAax

KomnrmeHTrapHoCTe HEUTPOHHBIX MeTOAOB UCCIIEA0BAHUNSA
BelyecTBa ¢ APYrumu S[epPHO - PUNYECKUMU METOAAMM



HeutpoHHas texHuka

CneKTpocKonust Ucnonb3yeT Ayann3mMm HeUTPOHaA:
3TO KBAHTOBO-MEXaHN4YeCKUN OObEKT — BOSTHA U
YyacTtuua.

CrnekTpoMeTpbl KpUcTaninyeckme (TPEXOCHLIE)
(2dsin9=1),

1 CMEKTPOMETPbI N0 BpeMeHU nposneta (NpsiMmon u
obpaTHom reomeTpun) (E=mV=?/2)

A=4A ~E =5m3B ~ V=1000 m/cex (~3M)



3aayYv U OCHOBHbIE NPUHLUUNbI
HEUTPOHHOUN CNEeKTPOCKOMUM
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MapameTpbl, XapaKkTepusyrowme paccesiHne HeMTPOHOB

(a) Elastic Scattering (k'= K] 0"
'5':'???'1-:'}1'-'
o
.-""rl'll
Elastic Neutron Scattering e )2 3
Diractian k
* No loss of energy
- Examines the change in T e
momentum of the neutrons. ) 0-2ksing - S8
2 (] = Ii?
K
Inelastic Neutron Scattering
« Examines both momentum ® islasteSeatenng (62 )
and energy dependencies. o
Sl {x,\ k.~ <
,.e"jfé” \\1 "'H{E' [ /
ol e R e - : ” -
Neutron Loses Enaray "JELIIWH':I Gains Enargy
(k' &) L =)

Pynn, Neutron Scattering: A Primer (1989)



The Scattering Cross Section

Scattering Cross Sections

Number of scattered neutrons per sec time™'
Total Ciot = ; = — — =area
Incident neutron flux lime area
. . do  Number of scattered neutrons per sec into angle element d2
Differential =

749 Incident neutron flux . dQ

do  Number of ...and with energies between E'and E'+dE'

DO u b I € D Iffe re ntl al dQdE' Incident neutron flux . dE'dQ

do

Scattering Law o dE,=%S(Q,w) S .... Scattering function

Units: 1 barn=1028m? (ca. Nuclear radius?)



NMpunHuunmManbHaa cxemMa HEUTPOHHOU CMEKTPOCKONUMU
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Inelastic Neutron Scattering

Elastic line

Vibrational neutron

speciroscopy
<€-Magnetic scattering—>
| Y
Y Intramolecular modes
2 Lattice modes “ ¢
S !
= v
Neutron Compton
scattering
Quasielastic
scallenng
I | | | l l
0 1 2 3 4 5

Iﬂgm(Energ}f transfer / em)

microwave

Electromagnetic spectrum

infrared

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)

visible uv




Heynpyroe paccesiHne HeMTPOHOB

Q=k, -k,
W=E -E,

Nuclear scattering

1

1 .
S(Q,0) = 2—7r°%j dt e N (P00 ()

Magnetic scattering

a 1 —iot 1 iQ-(R-R' a
S ﬂ(Q,a))zz—m)%jdte — YRR £ §4(0)SE (£) >

N RR




Hexoropbsre ocHOBHbIe OPMYysibI A518 Heynpyroro paccesHus HeruTpOHOB

d’c f o
B o6 : oC S(Q,w
obuwem cnyyae d0do (Q, ®)

HenTpoHbI n KonebGaHusa peLleTKn

o o ao(q))

Heynpyroe paccesinue g

Ha agpax (pOHOHBI): Sj (Qa a)) — -w/T 2

j-BeTBbL —¢€ &
un .cell _,_,J

Heynpyruu |: H ied _Wd(Q)

CTPYKTYPHbIN hakTOp (/ } Ql >
scatt
E

S’JdeueEuL Ho ecem q em nﬂOMHOC”)b d)OHMHbIX coé’mo;muu @5&1}3&# )| >

1 - exp _) é 2 T Gscattl

DOS ocz I(zﬂo%)35(E E,.), jl)os (E)dE =1

s ZB



MABNETIC NEUTRON SCATTERING FORMALISM

d’c Kk, here S i 1
= ere S is - = —
douss ™, SCHED et i B0 e

defined from measurements 0.29 b/sr 2 dipole magn. f.-f dynamical
. o magnetic
1" (%%0,Q,T)=m- 0%0' spectral T P(o)do =1 susceptibility
function -
static magnetic susceptibility —
Zst(T)
| l_ What Could Be Extracted ?
2
o 1.911‘2 ¥ X”(°%0 Q T) ¥
: (59,0, T) = 2{—0} - > do=|S(0,Q,T)dw
x;),O,T)_L - d(<%) " fw T fw
Xst(T)s Oy — magnetic :
e are related to crosssection To get y,(T) — measurements in large T-range

n,— popul. of f-shell To get 6, - measurements in large w-range

N — degeneracy f-shell

thermal relaxation of magnetic moment spin-fluctuations in MV systems
Karringa : I'; ~ ([[e‘ﬁf(‘)é::sf)z —107) + CEF- limiting case : I' >> CEF M~M, exp(-t/ty)

splitting
S(»,Q,T) MF*(Q)-Y % (T)2)

pea! intensity S(w,Q,Tymm) 1—e /KT ' o +(T /2)2
(wave function)

n,m .
level's energy




YeM nonesHbl HEUTPOHDbI?
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Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)



OcCHOBHbI€e 3apayun, pelwiaemMblieé HEUTPOHHOMU
cneKkTpockonueun

NMpupoaa cBA3M aTOMOB U YCTONYNBOCTb CTPYKTYP, CTPYKTYPHbIE
ca3oBble nepexoabl - AMHAMMKa aTOMOB B KPUCTaNNMMYeCcKux u
HeKpucTanIndeckmx martepuanax (aMopgHbIX, KBa3KUpUCTaninyeckumx,
HaHOCTPYKTYPHbIX): MJI0OMHOCMb (NapuyuarbHas) KornebamerbHbIX
cocmosiHuU, oucriepcuss oOHOHO8 0111 MHO20KOMIOHEHMHbIX,
HaHoOCMpyKmMypupoeaHHbIX cucmemM, 2udpudo8, OKCUO08, MOJIEKYITSAPHbIX
Kpucmarisos, 2esus.

MarHuTHble ¢pa3oBble nepexoabl U MarHUTHasi AMHaAMMKa B
ynopsaaoyYeHHbIX MarHUTHbIX CTPYKTYpax n Ana nokKarbHbIX MarHUTHbIX
MOMEHTOB - C[MHOBbIE BOJIHbI, JTOKAlbHbLIE U KOMNEKTUBHbIE BO30DYXAEHUS B
f-, d- aNeKTPOHHbIX cUCTEMax, B codeTaHnn ¢ adpdpbekTamm KpucTanim4eckoro
Nons U CNMHOBLIMU PNYKTYyauNAMN BCNeLCTBUE 3NEKTPOHHON
HeCTabunbHOCTW: JToKaslbHbIe U 30HHbIE MagHemuKu, cucmemsl C CUSTbHbIMU
3/IEKMPOHHbLIMU KOPPEnayusamMu U easieHmMHou HecmabusibHOCMbHO.

Oudrcpy3na B TBepabixX Tenax (BOO4opoa), KPUTUYECKME ABJIEHUS,
MoOneKynsipHas guHaMukKa



Experimental phonon dispersion curves in YbB;, and LuB,,

r_______ X KU d L phonon density of states LuBy,
60 L YbB,, 0 - Longitudinal < - Transverse (from powder experiment) const
_ LuB,, @ - Longitudinal e - Transverse -
.
50% ...._ | ‘:: oo o . ifilc_:uB12
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q/9,5 Phonon DOS (meV-')
v phonon energies in YbB,, and LuB,, coincide a 5

v large energy-independent region in acoustic branches
v energy gap ~ 5 meV between acoustic and optic branches

v weak-dispersive optic mode near the gap-edge (E~20 m3aB)




ENCIZYy (1C V)

Model calculation of lattice dynamics in Yb(Lu)B,,:
comparison with experiment (dispersion curves)

70 Freee SR D
L, [001] o1y, A} [111]
60 - 1 3 — 4 A, !
A 2|2 3 5 1 11
e A == 0
’>\50 7 Z/ A A .A\
O -4 - /
E 40 A5 e gl == A3 3
\Ll-J/ A'] 1 \¢ ¢ 2 A *
A, .Az\ 2 - ¢\’ 1A, A
30 2 10 : 5 ® y
o PR 4
.. A1 ‘. : o Q§0§ )
20 A, A, -
[ 21’23' [ A, >
10| g&, AR :
5
I 24/ \A3
[ A S E—— P B . NP B
0.0 0.5 1.0 q/qZB 0.5 0.0 0.25 0.50

YbB,, O - Longitudinal

< - Transverse

LuB,, ® -Longitudinal
@ - Transverse

1 Model - lines

v quantitative description of dispersion curves for low-energy
phonons

v qualitative agreement with experimental structure factors
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Heavy fermion antiferromagnetic superconductor UPd,Al,

UPd,Al,
AF+SC of Heavy

UPd,Al; — magnetic excitation spectra

100

T=18K Fermions.
(00q) 300 Tar=14.3K
: - T, =1.8K
7 2A.=0.95meV
> = (~5.6Tc)
= 200 £ Epes=0.4 meV
2 £ (04324,
:

Resonant
mode

0 0.52 0.54 0.52 0.54 0.52 0.54 0.52 0.54

q, (rlu) q, (rlu) q, (rlu) q, (rlu)

Figure 4. Contour plots of the intensity at four temperatures (marked) as a function of q = (0 0 ¢;)
and energy transfer. On the energy scale, dark arrows (red and blue) on the left-hand side, mark the
energies corresponding to the antiferromagnetic. Ty. and the superconducting. 7., transitions with
the sample temperature, T, indicated by dark (black) arrows on the right-hand side on each panel.

Data taken at ILL on IN 14 with £y = 1.15 A7 The figure has been published previously [27].



Pasgesierme (pOHOHHOU U MArHV THOWU COCTABNAIOLMX B
CreKTpaxX Heyripyroro paccesqms HewTpOHOB
1) IpacNFz(Q)MarH.
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3) ConocTaBieHue CIEKTPOB MAarHUTHOM CUCTEMBI U
cucteMbl 0e3 f-anexktponos: (La, Y, Sc, Lu).

4)cnionp30BaHKE MOJISIPU30BAHHBIX HEUTPOHOB.

doc*t B doc*t _l-_
dQdw | dQdw . 3 k,

-(gN -re)2 -;-Sm(Q,w,T)- N,

c

n(w)=[exp(ha/T)-1)]"




OCHOBHbIe MeToAbl HEUTPOHHON
CMNEeKTPOCKOMNUM:

-TAS (TpexoCHbIU KpUCTansin4eckum
CNeKTpoMeTp)

- TOF (TexHUKa BpeMeHU nporneTa)

-SE (cnUH-3X0 cneKkTpockonus)



MeToabl MOHOXpOMaTHU3aLMU HEUTPOHOB

1. Bragg Diffraction 1} MA=2dSin6
TAS ., Backscattering

2. Time-of-Flight (TOF) 0 ‘ t ° l/

DCS, Backscattering (7

3. Larmor Precession /@.«@.\@. B,

Spin Echo



HenTpoHHbIe CeKTpoOMeTpbI:
KpUcTannuyieckue u BpeMAnponeTHbIle
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MpuHUMNBLI AencTBUA pasnMYHbLIX TUNOB
CMNEeKTPOMEeTpPOB
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Three axes spectroscopy

monochromator

analyser
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CMeHHble hoKycupyrowme MOHOXpoMaTopbl U
aHanusatopbl

Haunbonee pacnpoctpaHeHHble — Cu (111), PG(002), Si(111)

[1ns paboTbl ¢ NoNsipM3oBaHHLIMU HEUTPOHAMM
— Heusler alloy (Cu,MnAl (111)), d=3.437A
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Three axes spectroscopy

Three axes
spectrometer
PUMA

at FRM-I|

monochromator
(doubly focussing)

nalyser/detector




nepcneKTVIBbl CcCOoBepLIEeHCTBOBaAHUA...

BTopunyHbIN cnekTpomeTp:64 aHanunsaTtopa
U AeTeKTopa, war 1 rpaayc
E~Const=31 meV 6E ~ 1.2 meV
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-03 ' I i I i I i I i ..;:
0.6 0.8 1.0 1.2 1.4 1.6

Q, (r.lu.)

MeTopn ckaHMpoOBaHUSA:

- 6nok aHanu3saTtopoB He aBuraetcs (!!)
OTHOCUTEeSIbHO oOpa3ua

- obpasel BpaujaeTcs (ckaH Baonb Q,)

- 3 U3 6 yrnoB TPEXOCHOIro cnekTpomeTpa
3abnoKMpoBaHblI



CneKkTpomeTpbl NO BPpeMEeHU nposneTa



Distance

Distance

MpuMHUKMNBI CNEeKTPOCKONUM No BpeMeHU nponeTa

fiew = 0
feo =< () / frew = O
Time
frew = 0
hew = 0 / heo < 0

Time

Detector

Sample

Chopper/Crystal

Moderator/Source

Detector

Crystal
Sample

Moderator/Source

[Tlpamaa reomeTpugd

ObpaTtHas reomeTpus
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OCHOBHbI€ TUMNblI CNEeKTPOMETPOB
no BpeMeHu nporsneTta

Spectrometers of direct geometry

Neutron source Chopper

Monachromatar -~ ~  Sample

—— ':h P sample " =

= Oppers {:}.7 oo s P fé‘

e : _ .-_..__. e

- L:I XH--\" . L\"'\.x

s iy
o Detector
Detector

TOEF-TOF Crystal —TOF
s i S Crystal monochromator defines the

iIncident neutron energy - £,
Energy of scattered neutrons - E,
defined by arrival time in counter

iIncident neutron energy - E,
Energy of scattered neutrons - E,
defined by arrival time in counter



Komb6uHupoBaHHLIV TUN crieKkTpomeTpa rno BpemeHU rposiera

Kypuarosckuws MHctutyr, UP-8, 70..80-¢ roaer

Transm.

Be-filter

Chop

9 Energy, meV

Detectors

CoBpeMeHHble KOHCTPYKLMU:

-KpUCTanI-MoHOXpomMaTop;

-ABYMEPHbIN NMUKCENbHbIN
AeTeKTop

(paboTa ¢ MOHOKpUCTannamm)



CrniekTpomeTp obpaTHOU reomeTpum
TexHuKka BpemeHu nposieta Ha UMnysIbCHOM HEUTPOHHOM UCTOYHUKE

KOCOI - UBP-2, OUSIN. «lepkynec» - ®aken, Kypyamoeckuu MHcmumym
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E f=C onst

Ha Takux npnbopax MoxeT ObITb NOFIy4eHO AOCTAaTOYHO BbICOKOE
pa3pelieHue n CBeTocuna 3a c4eT KOMMaKTHON AeTeKTUPYHoLen CUCTEMbI



N KOMNJieKC yCTaHOBOK NO BpeMeHU

doua Ha NMNYNIbCHOM UCTOYHUKE
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dakTopbl, onpepgensawowme paspeweHne TOF cnekTtpomeTpoB
[Mpamasa reomeTpud

-Pacctosanune mexay npepbisatensmm (TOF-TOF) nnn mosanyHocTb
Kpuctanna-moHoxpomatopa (TOF-Cryst).

-[INNTEeNbHOCTb «BCMbILWKM» Ha NpepblBaTene (4actoTa, Wenu) n paccTosiHne
0o obpasua.

-MacwTab nponeTHon 6a3bl BTOPUYHOIO CEKTpoOMETpa 1 ee
HeonpenenieHHoCTb (pa3mMepbl obpasua, afneMeHTa geTekropa).

Meutron source Chopper

Monochromatar -/___: Sample

i EhDFIFE!'E _«.“.q. SHTTID'E

P Gt Meutron source - L ]
._7\____.: [ z_.— . P =4 Mg
L x“-H. L M
£, ®
® Detector
Detector

ObpaTHasa reomeTpus

-CooTHOLLEHME MeXaY OSIUTENbHOCTbLIO
BCMbILIKM UCTOYHMKA U NEPBOW NPONETHOW 0 Crystal
6ason.
-YrnoBoi pasmep cucTeMbl AeTeKkTop-obpaseL| Filter
MO OTHOLLEHMIO K MO3auYHOCTW aHanusaTopa. 0

o
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MAPS - spectrometer (ISIS)

Modarator

Maps has changed the way the
neutron community thinks about

inelastic neutron scattering. Its e L
huge array of position sensitive L Datector Array
detectors has created a survey 1 B 5 [r!:‘
technique that is able to map vast - , L 12me s

areas of the Brillouin zone, making
it possible to see the unexpected.
It is able to reveal broad features
which could easily be dismissed
as background on a triple-axis
machine.

150000pix



Cneyngpuyeckme meroandeckme BOSMOXKHOCTU

2 —_
do QS(Q, o)  ho=2.07 (k)-(k;?
dQdo Kk, Q= k;- k;

- Y0o0CcTBO U3MepeHnn ¢ bonbLLIon nepenavyen aHeEpPrum u
MMnNyribca B COMeTaHUM C BbICOKOW cBeTocunomn (2D-aeTektopobl)

- Bo3amMOXXHOCTb onTMmM3aLmm nepeaaHHoro uMnynbca ans
MarHMTHbIX BO30OyXXaeHui

- IlerkocTb abconoTusaunmn (B oTrnyme oT KpucTaninyeckmx
CNEKTPOMETPOB)

B yactHoCTM:

-bonbluasa HavyanbHasa aHeprusi NO3BONSIET paboTaTb C CUSTbHO-
nornoLwatoLwmmm matepuanamum,

-Mo>XHO KONMYecTBEHHO pa3aensaTb MarHUTHblIE N POHOHHbIE
COoCTaBnsoLMe B CNEKTPE



Usmeperusa cunvHonornowaroumx obpasyos (HET, ISLS)
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BosmoxHocTb pa6orb1 C MOHOKpUcrasisiamu
Crniekmpomemp ¢ MyribmuriukcesisbHou cmpykmypou demexkmopoe (Heck (>10) k8. m)
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IRIS cold neutron TOF backscattering

Hydragen
moderaler at 39_5m

Ciffraction “
detector Converging )
iy =25 x 103 guide :
MICA anclrsers 231 1o 124 5 . ]
T ol
11 ey . g ]
Rasolutions 4. Zpay : A 4
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Ineldent besm
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Transmitted T mEe
boam moeniter T lavd
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Detectors ar 175°

Material Plane E[meV] AE[meV]
Pyrolytic graphite 002 |.828 0.009
004 7.333 0.027

Silicon 111 2.074 0.0007




CrnnH-3X0 HEUTPOHHbIU CMEKTPOMETP

Axial precession field
. L. B
Velocity
selector

Axial precession field
Sample Ly. By

Detector

Supermirror
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Figure 3 - (a) The layout of a generic neutron spin echo spectrometer showing the
principal components and (b) a schematic representation of the dephasing of the
precessing neutron spins along the first arm of the spectrometer, followed by

a m-spin flip and subsequent rephasing along the second arm, with (¢) the
corresponding x-component of the net neutron polarization.



TexHuka crnnH-3xo

Existing Spectrometers

*IN11 (Institut Laue-Langevin,ILL, Grenoble, France)
*IN15 (Institut Laue-Langevin,ILL, Grenoble, France)
*J-NSE (Juelich Centre for Neutron Science JCNS, Juelich, Germany, hosted by FRMII, Munich (Garching), Germany)

*NG5-NSE (NIST CNRF, Gaithersburg, USA)
*V5/SPAN (Hahn-Meitner Institut, Berlin, Germany)
*C2-2 (ISSP, Tokai, Japan)

OTHOCHTENLHOE pa3pelIeHre Ipudopa MOXKET COCTaBIATE 10 10-!!!

[[IIpu sTtom, B HCO pa3opBana KeCTKasi CBSI3b MEXKAY CTEIIEHBEO MOHOXPOMATHU3AIMA U Pa3PEIICHUEM
mpudopa!!! 1o ocHOBHas cnenuduka, JocTUTaeMasl IIPH BOBJICUCHUH CITMHA B CIIESKTPOCKOITHIO

OOC00EeHHOCTH TEXHUKH CITUH-IXO0:

11)  PeanpHO TpyAHO U3MEHUTH HAIIpaBJIEHUE MO, TaK KaKk HEM30€KHa 00JIaCTh C HYJIEBBIM MOJIEM, a 3TO
O3HaYaeT JACMOJISIPU3ALIMIO MTydKa U moTepio ddekTa. [lo3ToOMy, 0OBIYHO UCTIONIB3YETCS TOPU3OHTAIHHOE
ToJIe, CO3/1aBaeMOe COJICHOMIOM, a HaMpaBJICHUE TOJIApU3aIiuu u3Mensiercs 3a cuet [1u/2 u [lu
(GaunmnepoB B mydKe.

22)  Hlupokuii tMHAMHYECKH auana3oH uamepenuid, 10 100- 1000 moxxeT focTUraTth OTHOIIEHHE
tmax/tmin, T.e. 3Ta TEXHHUKA 10 pa3peIIeHUI0 TIEPEKPHIBACTCS ¢ HE TOJILKO ¢ backscattering, HO U C
o0brgyHbIM TOF nocturas Benuuun nopsaka 100 mxaB. Bo3nukaeT Bompoc, Kakoi TUI 000pyI0BaHHUS
BBIOMpATH JJIsI KOHKpeTHOH 3a1aun. HekoTopoe cooOpaxkeHne Ha 3TOT CYET COCTOUT B CJICIYIOIIEM:
pa3uyuue MEeXy dTUMHU MeToAukamMu B ToM, 4To HCD paboTaeT B peabHOM BpeMEHH, a TPATUIIMOHHAS
CIIEKTPOCKOIHS — B YHEPTETUUECKOM ITPOCTPAHCTBE. DTO — KJIIOU K JIOTUKE BhIOOpa. JIeHCTBUTENBHO: €CIIH,
Hampumep, 95% paccesHus B 00pasiie — yrpyroe, u umb 5% - Heynpyroe, B HCO skcnepuMenTe 31o
MPOSIBUTCA KaK STUY MOAYJSLMS CHIIBHOTO CUTHaa (mopsiaka 95 % oT mojiHoM UHTEHCUBHOCTH. A B
o0br9HOM TOF criekTpoMeTpe XOpoIIo OnpeeeHHbIN MUK ¢ UHTEHCUBHOCTHIO 1/20 oT ynpyro# JuHuu
HaOmoaercs 6e3 mpobaem! Eciu ske paccestHie B OCHOBHOM KBa3uympyroe, To 0yieT 00HapyKeHO
CYIIECTBCHHAs TEMIIEPATYPHAS 3aBUCUMOCTb.

33)  Hexopoiu AJisi CHUH-3X0 TEXHUKUA U HEKOTEPEHTHBIE PACCEUBATENH.




Cnun-3x0 cnekrpomeTp B NIST




Bbi60p cnekTpomeTpa Ansa npoBeneHus
nccrnenoBaHus



OCHoOBHbIe HarpaesneHUa UccnenoBaHUU

HQ BDeMAMbone THbIX Crie KTbome tbax
1) ®usmka CKI9C (B OCHOBHOM MarHUTHbIe BO30OYyXXAeHUA), BKITIOYasn:
-msixesnible hepMuUoOHbI (HeobbI4Hasi ceepxripoeooUMOCMb),
- BTCI1, TMC (usmepeHusi 8 Ma2HUMHbIX MOJIsIX),
-Ma2Hemu3M MaJsibiXx Ma2HUMHbIX MOMEHMOoae,
-KoHdo-u3onssimopbl (cucmembi ¢ nepexoo0oM Memasisl-OuasieKmpuK u
Ma2HemukK-HeMa2HemukK)

2) IvHamMuKa peLleTKU CIMOXHbIX MHOFOKOMMOHEHTHbIX CUCTEM (aHanNu3
3HEepPrum U UHTEHCMBHOCTEU B OONbLUOM Yucne 30H bpunnroaHa)

3) AABneHusn, Tpeodbyrouwme BbICOKOro pa3spelleHUsa Kak no aHepruum, Tak v no
UMNYNbCY:

-MoO0eJibHble Ma2HUMHbIe Mamepuaribl;

-HU3KOpa3MepHbIU Ma2Hemu3M (op2aHU4YecKkue MoJsieKysbl C
Ma2HUMHbIMU yerno4kamu)

4) Bo30yxaeHns B pa3synopsaaoYeHHbIX U APYIrMX HEeKpUcTannmnyeckmnx
MaTepuanax

5) Bogopoa B cnnaBax, MHTepMeTannmpax, pasfiudyHbiX KOMMNo3uTax u



OcHOBHbIE 3040a4YUN UCCNEenOoBAHM
HQ TPeXOCHBIX KPUCTANNIUYECKUX CreKTpome Tpax

HNeTtanbHble uccregoBaHUsA AUCNEPCUN ANeMeHTapPHbIX
BO30yXaeHUU (POHOHbI, MarHUTHbIE BO30OYXXAEHUSA:
CMNHOBbLIE BOJHbI, JIOKaNbHble MarHUTHbIe MOMEHTbI) AnA
NMOHUMAHUA NPUPOAbI HEOOLIYHbIX (PN3NYECKNX CBOUCTB U
ABUXYLUMX cun pa3oBbIX NepexonoB U ApYrux
npeBpaLieHUn, CBA3aHHbIX C U3MEHEeHNeM
B3aMMoa4eucTBUN, B TBepAbIX Tesax.

Ocob6eHHOCTN 3NEeKTPOH-(POHOHHOIro, MarHUTO-
BUOPALMOHHOrO, 3NIEKTPOH-3NIEKTPOHHOIO
B3aMMOOEeUCTBUM.



HenTPOHHBLIN 3KcnepuMeHT. UCTOYHUKN HEUTPOHOB.

[Ba TMnNa NHTEeHCUBHbIX HGﬁTpOHHbIX MCTOYHUKOB:

2) UcnapuTenbHble UCTOYHUKU (HA MPOTOHHbIX NMy4Kax)

1) PeakTOpbl OCHOBaHHbIE Ha AeNEeHNN ypaHa Unu MIyTOHUS.
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MpuGopsl OUAN (HEPA, OVH)



CnekTtpomeTp obpaTtHou reometpun HEPA

CnekTpoMeTp 06paTHOW reoMeTpumn /1 OQHOBPEMEHHOI0 UCC/Ie0BaHNS CTPYKTYPbl M AMHAMMKMN 06pa3LoB

108,050

5,500

gl |]l{j
1 - 3amepgnutenb \ \
2 - ®oHoBblE Mpepb

3 - 3epKasbHbli Hei 1 \
4 - [leTexTOp ANS A 2
5 - [leTeKkTOp AN AN@PaKUMM BbICOKOIO [?a3peLueHm|

6 - He3-peTekTopbl 4NS perucTpaumm Heynpyroro U KBasuynpyroro paccesHus
7 - MOHOKpU1CTani-aHanu3aTop ANs KBa3uynpyroro paccesHms

8 - AHanu3aTop M3 NMpPONUTUYECKOro rpaduTa AN HEyNpyroro paccesHus

9 - bepunnuesble GUATPSI

10 - Konnumaropesl

11 - 13 - HakonneHue n obpaboTka nHdbopmaLumum

Cocras rpynnbl



CnektpomeTp npamou reometpuun ANH-2INA

3ameanutens

PaccTosiHue OT 3aMeanuTens 4o obpasua, M
PaccTosiHue oT obpasla A0 AETEKTOpPa, M
Yrnbl paccesiHus

Pa3mepbl nyyka Ha obpasLie, MM?

MoToK HEMTPOHOB Ha obpa3ue Anst
E, =10 M3B, cm? ¢!

[lnana3oH HayanbHOM 3Heprum, MaB
SHepreTnyeckoe paspeluenne AE/E,, %
OTHowweHune 3ddekT/PoH B ynpyroMm nuke

ANs CTaHAapTHOrO BaHaavesoro obpasua,
E, =50 maB

Boda, 300 K
Beam stop
20.023 Sample lable in
evacuated chamber _
7.0 Monitor 2
5° —135°
Collimator
160 x 120 4
15103 Monitor 1
1-300 Curved-slit
choppar
4-10
2000
Cadmium
shutter

K .

; Collimators
Active cora and
of IER.2 vacuum bearn

tube
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Cniektpome tper AJ1J1

Time-of-flight (TOF) spectrometers

IN4 thermal neutron TOF spectrometer

INS cold neutron multi-chopper TOF spectrometer
IN6 cold neutron time-focussing TOF spectrometer
D7 diffuse scattering spectrometer

BRISP Brillouin Spectrometer (CRG) - under
construction

High-resolution spectrometers

IN10 backscattering spectrometer

IN11 spin-echo spectrometer

IN13 backscattering spectrometer (CRG)
IN15 spin-echo spectrometer

IN16 backscattering spectrometer

3-axis spectrometers

IN1 hot neutron 3-axis spectrometer

IN3 thermal 3-axis spectrometer for tests

IN8 thermal neutron 3-axis spectrometer

IN12 cold neutron 3-axis spectrometer (CRG)
IN14 cold neutron 3-axis spectrometer

IN20 3-axis spectrometer with polarisation analysis
IN22 3-axis spectrometer (CRG)
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IN20 Ha TennoBOM KaHane

reactor hall, thermal beam H13

beamtube ¢
monochromator
. ! flux
crystal d)ispacmg k)'&_l (107n.cm- Conditions
(R) COR
Heusler hor.+vert.
(111) 3.437 2.66 2.3 focused,
(230x150m -
m?) 4.1 5.5 D=40mm,
with sapphire
8.0 0.65 filter
] hor.+vert.
Si (111) 3.135 5.0 focused
35 (installation
’ 9/2003)
collimation
a0 = 40'
al, a2, a3 = 20', 30', 40', 60', 120', radial a2
adjustable by Soller collimators
sample
beam size: 4 x 4 cm2
analyser
Heusler - .
(111) 3.437 horizontally focusing
(170x150m
m2)

PG (002) 3.355 horizontally focusing

Si (111) 3.135 horizontally focusing

3He detector

4 x 10 cm?2 (vertical)

Instrument Description

Imput slit (01040 mm)
Primary shutter q

Sapphire filter

Monochromator changer

Secondary shutter

Digphragm

Sample e Monitor 1
Beamsstop ¥, ‘Q Guide fields/Flipper coils
Diophragm Helmholtz coils
PG Filter Monitor 2

Anal
Guide fields e
Flipper coils

Deteclor




TpexocHeIN KpUCTANINYEeCKMU CrekTPOMeTp C
nonapu3aymoHHeIM aHasmsom IN20O

(ILL, Grenoble)




CnektpomeTp npamoun reometpum IN4

|3'['|e Detector Tube Bank

General Layout of IN4
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Applications

oto characterise interaction energies
associated with bonding of atoms in solids
and liquids;

oto measure the energy level spacing in
magnetic ions and of interaction between
them;

oto observe the interaction of magnetic
moments with their surrounding ions
(crystal fields) or with conduction e ectrons
(fluctuating valence, heavy fermions);

eto determine vibrational statesin
amormphous solids and polycrystals;

eto examine molecular excitations in
various materials, also of technological
interest (zeolites) and especially in diluted
systems (matrix isolation).

IN4A Ha TennoBOM KaHane

IN4 is a time-of-flight spectrometer used for the study of
excitations in condensed matter. It works in the thermal
naitron enerav ranae (10-100 mav).

Primary spectrometer

The main components of the beam conditioning part are
the two background choppers, the double curvature
mono-chromator with four faces and the Fermi chopper.

Reactor hall, thermal beam H12

Monochromators

The background choppers are rapidly pulsating beam
shutters which act as a low-pass filter. Thus they
eliminate from the beam most of the fast neutrons and
gamma rays that would give background noisein the
spectra. The modular shielding encloses the background

PG 002: 2.20 ... 3.60 A
PG 004: 1.10 ... 1.80 A
Cu 220: 0.85 ... 1.50 A

fmiimmimm ~a ANATY

take-off angle 26M 39°...65° choppers in separate compartments in order to cut off
these undesired neutrons as early as possible.
resolution d>E / £ 3..6%
A suitable energy is selected from the thermal neutron
flux on sample 5x 105 cm- spectrum with the crystal monochromator. The
2e-1 monochromator, an assembly of 55 crystal pieces,
background choppers 5000 rpm concentrates the divergent incident beam onto a small
v area at the sample position. The full use of the available
Fermi chopper V.., 32 000 rpm solid angle gives a high incident flux. The variable
curvature of the monochromator is essential in
3 controlling the time and space focussing conditions for
ity cycle 3x10 optimal performance (see H. Mutka, Nucl. Instr. and
beam size on sample 2 x 4 cm? Meth. A 338 (1994) 144).

The Fermi chopper rotates at speeds of up to 40000
rpm. It transmits short neutron pulses (10 ... 50 ps) to
the sample. The time-of-flight of neutrons between the
chopper and the sample (1 ... 5 ms) can be measured
by using precise éectronic circuitry.

primary collimation 66 1°

Secondary spectrometer
The sample environment is designed to accommodate standard cryostats and fumaces. A radial collimator around the sample position
is used to cut the scattering from the sample environment.

The secondary flight-path is in vacuum to avoid parasitic scattering of the transmitted neutrons.

The detector bank covers scatteﬁn% angles of up to 120°. In addition to the *He detector tubes (length 300 mm, width 30 mm,
elliptical section, pressure 6 bar) a *He filled multidetector (eight sectors with 12 radial cells each; outer diameter A 60 cm) will allow
us to observe forward scattering.

The time-of-flight spectra measured at various angles are further treated in order to obtain the scattering function S(Q,w) that is
characteristic of the properties of the sample. One can extract from it the complete information on the energy and length scale of the
dynamical phenomena of isotropic systems such as liquids, disordered materials as wéll as of non-dispersive (i.e. localised) excitations
in molecules and magnetic ions. Otherwise orientationally averaged quantities are obtained, for example the density of vibrational
states in polycrystals.



CnekTtpomeTp obpaTtHoro paccesHua IN10 Ha
XOJFIOOHOM HEUTPOHOBOAE

Instrument description

*f J ot
Analyser aystals N, Smple X A

" 2, \
o \ B W
;‘ f “ Ny umsey S
Supermirror newlron guide ' =y &
Hrpiﬁm!hﬂuh] . E H“ ) . EE-J ,.r*""*# He' detectors
A ol e
Ivtic grophite deflacior ey . T e
Py g_trp l \ B I'& 2\ ﬁ.:a"'*" Doppler drive jwim)
Leod curtain _ _,::: Y 2 of Cryofurnace fwia)
1 "-_. o : PP L
l N i 'Background chopper
Newtron Guide . Neutron Guids |
(fham repctat 5 3 ] | Aecess door [xbml legh=bm) | Monothromatar | Beam stop

Typical applications of the instrument include studies of:
eMicroscopic motions in polymers and biological systems.

guide hall n° 1, cold neutron guide H15

IN10A

monochromator Si(111) Si0.9Ge0.1
(111)

analyser Si(111) Si(111)
flux at sample / n cm-2 4x103 3x 104
s-1 (polished)
incident energy 2.080 2.06
incident wave-length VA~ 6.271 6.30
energy transfer range -15...15 -2...27
OE/ueV
energy resolution 0.3...1.5 1
dE/ueV (FWHM)
elastic Q-range /A 0.07...2.0 0.07...2.0

oDiffusive processes in supercooled liquids and dynamic correlations near the liquid glass transition, as well as in confined systems.

eRotational or conformational motions in plastic crystals.

#Solid state diffusion (diffusion of hydrogen in metals, self diffusion in metal and alloys, diffusive processes in intercalated compounds, ...)

eQuantum tunnelling.
eNuclear hyperfine splitting.
esMagnetism in disordered materials.

Ge(11
1)
Si(11
1)

4 x
104

1.92
6.53
148...
178

0.07..
1.9
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ISIS faculu’ry (UK) 16_0 kW spalla’non pulsed neutron source

S

-

——

Aps SANDALS

KARMEN VESUVIO _

T0:
TN 0SIRIS

POLARIS VESTA
Proton beam:
200 MeV CnektpomeTpbl
200 pA Bosoywxaenus  HET, MARI, PRISMA, MAPS, ALF
T~ 1 usec

MonekynsapHas cnektpockonma [RIS, OSIRIS, TOSCA, VESUVIO, VESTA



Hexoropere napamerper npubopos ILL u ISIS

TOF Flux on sample, Resolution Beam size Energy range,
spectrom ncm32 s cm? meV
eter
IN4 5x10° AEi | Ei~2-5%  3x8 10 - 100
IN5 7x10% (E=4.3 A) ~ 0.1 meV 2x5cm? 0.3-25
ING 8.9x104(E=4.1A) 170peV at 4.1A 3x5cm? 23-5

50 peV at 5.9 A

HET 3x103 1-3% 45x4.5 15 - 2000
MAPS 5x103 ~2% 5.5x5.5 15 - 2000
MARI 2.1x10° 1-2% 9X9d 9-1000

PRISMA 2.1x10° 4 % 2x4 3-250



CnexktpomeTp HET Ha TennoBom KaHane

HET Spectrometer

Investigations on Het have broadened from
studies of high energy magnetic excitations
and the dynamics of hydrogen metal systems
into the fields of quantum magnetism and
non-Fermi liquids.

Het is optimised to measure high energy
magnetic excitations. Although originally
optimised for magnetic studies with most of its
detectors positioned at angles below 30°, it is
also used for investigations of dynamics in
many other materials including disordered
and biological systems. It has produced a
large number of important results from
powders, amorphous materials and single
crystals.

Applications

*Magnetic excitations in powders and single
crystals

*Brillouin scattering

*High resolution studies of non-dispersive
excitations

HCTOMHHK HEHTPOHOB

=i
s

MOHHTOP 2
\
\

OBPAIEL

MOHHTOP 1

[IMCKOBbIA NPEPLIBATENb

PPEPMH-TIPEPLIBATEND

DETEKTOPEI BOALLMX Y4rMoB
\ METEKTOPEI 9-29°

. NETEKTOPbI 3-7°



MAPS Spectrometer

[ -kf-_l_ﬂ oderator

ot

Position Sensitiue‘/
Detector Array

1]




BbicokocBeTocunbHbin cnektpometTp MERLIN

Merlin is a new high count rate, medium
energy resolution, direct geometry chopper
spectrometer, due for completion in 2006. It
will have a very large solid angle of
detectors about eight times that of Het or
Mari) with a range of nearly 180° in the
horizontal plane and £30° in the vertical

] plane. Position sensitive detectors will make
" it ideal for studies of single crystals.
*Rapid data collection rates
*Simultaneous collection of data over a
large solid angle
*Highly pixelated detectors
*The capability to use advanced sample
environment




HeKkoTopble acnekTbl
NPaKkTU4ecKoro ncnonb3oBaHusA
HEUTPOHHbLIX CMNEKTPOMETPOB



Y10 BaXXHO Npu BbIOOpPEe 00BLEKTOB UccrnenoBaHua?

The most important thing is:

Know as much about your sample as possible
(Beamtime costs ~ $4000/day!!)

The types of things that you might want to know include

What's the structure (in a general sense)?

Are there any phase transitions (or a glass transition)?
What isotopes are present?

Supplementary data from other measurements ...

Magnetization vs T Muon spin relaxation X-ray data

Specific heat vs T Raman spectroscopy
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HenTpoHHbIe punbTpPLI

Ha3HauyeHue: ymeHblieHne hoHa ObICTPbIX HEUTPOHOB UMK
yAaneHue U3 CneKkTpa HeHVXXHbIX KOMMOHEHT

@\\

TRANSMISSION

_ 3 | 11T T ||1|r
E AL |__Sapphire (AbOy) || i
I .l_l_ Tires + 00K tuned i
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NEUTRON WAVELENGTH (A)

KBapu, candwmp —
MOHOKpUCTannyeckue

1 dUNbTPbI NEPBUYHOIO

ny4dka (n, y)

PG dounbTp A/2: Ki, Kf

K=1.97A (E=8.05m3B)
K=2.66A (E=14.7 m3B)
K=3.85A (E=30.5 m3B)
K=4.10A (E=34.8 m3B)

Be-dounbTp: E,< 5M3B



PaspeneHne ¢doOHOHHON N MAarHUTHOW
COCTaBIAKLWNX B NU3aMepsaseMon
cnekTpanbHOU pyHKUNN



Beznenerme marmiTHOU cocTaBnarolfen U3 IKCrMepuUMeHTanbHbIX

crnexktpos HPH nonukpuc rannuyeckoro obpasya
(cnextpomeTp ro Bpememm rponera)
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= Energy transfer (meV) S 2
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N+M=o0épaszey c f-anekmponamu Energy transfer
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Energy transfer

YbB_, 15K E=80meV 5°



Beznenerme marmiTHOU cocTaBnarolfen U3 IKCMepuUMeHTanbHbIX

crnektpos HPH moHokpuc rannuueckoro obpasya
(TpexocHenA criekTpOMETp)
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HeunpoHHaa criekTpockorma ¢ nonapu3sauUOHHLIM
AHANU30M Ha MOoHokpuctanne YbB,,
IN20, Grenoble, 2005
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HekoTopble npumepsbl
MCMNOJIb30BaHUA CNEeKTPOMeTpOB



ATOoMHasa AguHaMuKa KBasmkKpucTanna
i-AlICuFe u kpuctannunyeckoro annpokcumaHta a-Al(Si)CuFe

Ypar(A} i

Knactepbl BeprmaHa u
Makkef — OCHOBHbI€
CTpouTenbHble 6OKK
MKOCa3apUveCKnX
KBa3uUKpPUCTanmnos, B
CTPYKTYpP€e KOTOPbIX OHU
ynakoBaHbl
KBa3unepuoanyecku.

M3oTOonNMueckmMn KOHTPACT B HEYNpPYyrom paccesHuu
HEeUTPOHOB Ha annpokcumanTte a-(Al,Si)lICuFe

® CunbHbiK BKnag ot Cu

0.004 - —
O CunbHbin BKNag ot Fe

& Cnabo-pacceuB. 06p.

0 20 ] 40 60
Sfeyuasy MayA

B KpucTannuueckom annpokCMMaHTe Te Xe
caMmble Knacrtepbl ynakoBaHbl Nepuoauyecku.

B cucteme Al-Cu-Fe Bo3mMmoXxHO
nonyvyeHue Kak MuKkocasgpuieckoro
KBa3uKpucrtanna

i-Aly 6,CUg 255F €0 125 5
TaK U KyOM4ecKoro annpokcumaHTa
C ONMU3KUM XMMUYECKMM COCTaBOM

a-Al 55519 o7CUg 255F € 125-
B cny4ae ¢asbl a-(Al,Si)CuFe knactepsbl
pacnonaratoTca B y3nax Kyounyeckon pewetku (tuna CsCl) c

napametpom a = 12.3A u 137 atomamu B nemeHTapHoOM
fAYenkKe.

CnekTpbl TENNoBbIX KONe6aHMn
aTOMOB antMUHUSA

o KBasukpucrtann i-AlCuFe

AnnpokcumaHT ]
a-(Al,Si)CuFe
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MoHokpucTtann °4Sm'1B;, V~1 cm?

UMM HAHY +PHL KU =
YHUKaribHaga cepus
9KCrepuMeHTanbHbIX pabdoT
No UccnenoBaHuio
donanyeckon npupoabl
NPOMEXYTOYHOBANEHTHOIO
COCTOSIHMUA Sm: nonu- u

MOHOKpUCTansbl, TEXHUKa
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MNeutron intensity (colntsf20 minutes)

TpexoCHbIN cneKTpoMeTp Ha HenTpoHoBoae IN22
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¥Ba Cu O
e
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Fig. | - Energy scan through the antiferromagnetic
zone centrie 3t Oe2( | 5.05,1.7)

(black: circles: SFihue circles: M5F)

and at 3 background posithon O=(1.8,05.1.7)

{red circles: 3F) in the high-T, superconducting
material YBa;CugQy ge. The energy dependence
of the background 5 due to the increased counting
time at higher incident energies. The shaded area

lustrates the magnetic sgnal peak 5
at the rescnance position of 41 me

Miesttnon couils! |0 mindés

C=(-4.5 0 0.5
5F channel
e

-
Far ]
150
[T

Fig. 1 - Temperatue dependence of the spn-gap
in the ladders of SI'“'EUHU“ Betweon | 5K
and 300K, the purely magnetic response change
from a response characterstc of 3 wall defined
gap of 13 meY to a response characteristic

of a paoudo-gap at B0 eV,

Neutron guide

Primary shuter | Monochromator changer

I
'] Setondary shutter

4

etz APPlications

eStudy of magnetic and structural

eLongitudinal and spherical
polarimetry of inelastic contributions
eMeasurements of inelastic nuclear-
magnetic interference terms.
ePolarized neutron inelastic
scattering under high magnetic field
(upto 12 T).

eMeasurements of magnetic ans
structural excitation lifetimes.

Monitor 1 \ Somple excitation spectra on single crystals
Guide fields/Flipper coils | im!'ﬂll with neutrons of incident energies
Di e in the range 5-100 meV.

Digphragm - Dighragn g

Monitor 2

Selected examples

One of the main interests of polarized neutrons and full polarization analysis is to allow a clear sepa
of magnetic contributions from the nuclear (structural) ones. An example of such a separation is sh
in Fig.1 for the high-Tc supoerconducting cuprate YBazCu3Oe.ss. The incident polarization is kept par
to the scattering vector, in such a manner that the magnetic fluctuations contribute only to the spin
(SF) channel and the structural excitations to the non-spin-flip (NSF) channel. These results demon:
unambiguously the magnetic nature of the resonant peak at 41 meV and the existence of a spin gaj
around 25 meV.

Another example is shown in Fig. 2 for the S=1/2 spin ladder system Sr14Cu2404t. By measuring the
contribution in the configuration for which the incident polarisation is maintained parallel to the scai
vector, it is possible to determine directly the magnetic response of copper ions as a function of the
temperature.
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“If the neutron did
not exist, it would
need to be invented.”

-B. Brockhouse
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Low energy (“resonant”) mode in SmB6
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Magnetic Neutron Scattering

Q:ki_kf
S =E, - E,

The scattering cross section is proportional to the
Fourier tfransformed dynamic spin correlation functior

: -
D e s S NGNS

1//4 1 '
S (0,w) = —Qdet e —
(£.) 27 NS
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Brightness & Fluxes for Neutron &
X-ray Sources

Brightness dE/E Divergence Flux

s m?ster’) (%) (mrad®) (s’ m?
Neutrons 10" 2 10 x 10 10"
Rotating 10" 3 0.5 x 10 5x 10"
Anode
Bending 10%* 0.01 0.1x5 5x10"
Magnet
Wiggler 10%° 0.01 0.1 x 1 10"
Undulator 10% 0.01 0.01 x 0.1 10%*

(APS)
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| Ha TT (P.p) =1

l Irjl:nle_s Intensity ~ (Fy + Fy,) 2

)///\ t (Pw=-

Intensity ~ (Fy - Fyy) 2

Polarization = (I, - 1)/(l, + 1) = £ 2F(Q). F\,(Q)/[F\(Q) - F},(Q)]2
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CreKkTp MarHUTHoOro paccesHus HeUTpoHos Ha nopolwke YbB,,
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Uccnenyemas obnacmn CrieKTpbI MArH THeIX BO3bYyXaermiA

obpaTHOro rpocTpaHc TBa moHokpucranna YbB,,
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3aknroueHue

CneKkTpoMETpPbI MO BPEMEHM MporieTa B «NPAMON reoMeTpumn»
Ha UMMYNbCHOM UCTOYHUKE UMEIOT PSAa onpeaeneHHbIX
NPENUMYLLLECTB MO OTHOLLEHUIO K CMNEKTPOMETPAM TOro Xe
Krnacca Ha cTauMoHapHbIX UCTOYHUKAX :

- 6boriee HU3KUU ¢bOH rpu 3KkeusasrieHMHouU 3ghghbeKmusHou
MOWHOCMU HEUMPOHHO20 UCMOYHUKa («ucrnapumeribHas»
rnpupooa HellmPOHO8, CK8AKHOCMb UMI1YI1bCa)

-6oriee wupoKuu ouaria3oH Ha4daribHbIX d3Hepaul HeUMmMpPOHOs,
borsiee 8bICOKOE pa3pewieHuUe (0cobeHHo, 8 criy4yae
«KoMmripeccuuy onumersibHocmu rnPoOMmMoHHO20 UMIyribca)
-KOHCMPYKMUBHO Mpouwie. ..

OHM NMEIOT CBOK «HULLIY» MO XapaKTepy peLlaemblX
bun3nyeckmx 3agay 1 No OTHOLLUEHMUIO K TPAANLNMOHHBIM A4
MMMYJTbCHbIX NCTOYHMKOB CMEKTPOMETpaM «obpaTHOWM
reomeTpum»
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Hexoropbsre ocHOBHbIe OPMYysibI A518 Heynpyroro paccesHus HeruTpOHOB

d’c f o
B o6 : oC S(Q,w
obuwem cnyyae d0do (Q, ®)

o o aol(q))

-w/T 2
_ea)/ W

Heynpyroe paccesinue

Ha sigpax ((POHOHbI): Sj (6, a)) —

j-BeTBb

un .cell b — —_ .
Heynpyruu P. = Z —d QedG elee_Wd(Q)
CTPYKTYPHbIU dhakTop ] /M 4

_> ~
YcpedHeHue no ecem q ZB daem niiomHocmb hOHOHHbIX cocmosiHul G(w)

2 /4
MarHuTHOe paccesiHue dzg ve
HenonsApPU3oBaHHbIX = g F* (Q) (Sa Q Q )Sa (Q,w)
HENTPOHOB: dQdw le ¢’ ] K, %}: ’ e
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Saﬁ _W(Q)(NOQ? [—e T Em Xaﬁ(Qa CO)] e Xop = Ja /Hb NMHENHBbIN OTKIUK Ha

BHeLLHee MarHnMTHoe norie

B cny4ae nokanu3oeaHHbIX MOMEeHMOoe8 ¢ aghgheKkmamu Kpucmasisiu4ecKoz20 roJisi:
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d’c 2 E, /KT , o\ oy .
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MarHnTHoe paccesiHue HEMTPOHOB
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Movement of Charges - the Crystal Field Concept

4f —charge density

_@ Hamiltonian H , ZB 0"J.)
Q
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lNMepBble HEMTPOHHbIE CMEKTPbI MO BPpeMeHU nporeTa,
nony4yeHHble Ha UPT-M (1973...1976 r.r)

KOl B MmeTannax Toro e
MacLuTaba, YyTo U B
n3ondaTopax

CummeTpusa KOl
COOTBETCTBYET NOKasibHOMY
oKpyxeHuto P3 noHa,

K3Il1 Becbma 4yBCTBUTENBHO
K 3apA40BbIM U
TOMOMOrM4YeCcKnm
N3MEHEHNAM B FTOKarbHOM
OKPY>XEeHNU

Kpuctannuyeckoe
OKPY>XEHME 1N NTEKTPOHbI
NpPOBOANUMOCTN BHOCAT
COM3MEPUMbIA BKNag B
noteHuman K3l Ha P3 wnoHe

UAJ, OUSIN, 70-80-e 2.




NdCu, - Crystal Field Excitations

T I l r
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X meV
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ENERGY TRANSFER {(meV)
Gratz et. al., J. Phys.: Cond. Mat. 3 (1991) 9297



NdCu, - 4f Charge Density
<p)>={ R, (N ) ec,b,<0'J)> Z,,(Q)

n=0,2,4,6
m=0,...,n
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CF

14.1meV




Three axes spectroscopy

The three axes spectrometer is the direct visualisation of
the scattering triangle:

-

onochromator

sample

E
o pn P
"

-qi' &
. - | i -

analyser
ctor




UcxogHaa voes

Neutron Source Brockhouse (1961)

Variable k; and k; :

&, Monochromator scattering angle
@, Sample scattering angle
@), Analyser scattering angle

E=mk/2m k=G, (hk)/2sin®,,
E, :ﬁjkf...f"im k, =G (hk)/2sn®

from G. Shirane, S.M. Shapiro, J.M. Tranguada
“Neutron Scattering with Triple-Axis Spectrometer”
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Time-of-flight principle
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Thermal Neutron Flux (n/cm?2-sec)

Decades of starvation
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TpexoCHbIN cneKTpoMeTp Ha HenTpoHoBoae IN22

Neutron guide! | Primary shutter | Monochromator changer

Applications
*Study of magnetic and structural excitation
spectra on single crystals with neutrons of
incident energies in the range 5-100 meV.
eLongitudinal and spherical polarimetry of
inelastic contributions
eMeasurements of inelastic nuclear-

ol magnetic interference terms.

o Beonsop ePolarized neutron inelastic scattering

' under high magnetic field (up to 12 T).

*Measurements of magnetic ans structural

excitation lifetimes.

Guide il Fippr s
Diophragm

Selected examples

One of the main interests of polarized neutrons and full polarization analysis is to allow a clear separation of
magnetic contributions from the nuclear (structural) ones. An example of such a separation is shown in Fig.1
for the high-Tc supoerconducting cuprate YBa2Cuz0e.s5. The incident polarization is kept parallel to the
scattering vector, in such a manner that the magnetic fluctuations contribute only to the spin-flip (SF)
channel and the structural excitations to the non-spin-flip (NSF) channel. These results demonstrate
unambiguously the magnetic nature of the resonant peak at 41 meV and the existence of a spin gap around
25 meV.

Another example is shown in Fig. 2 for the S=1/2 spin ladder system Sr14Cu24041. By measuring the SF
contribution in the configuration for which the incident polarisation is maintained parallel to the scattering
vector, it is possible to determine directly the magnetic response of copper ions as a function of the
temperature.
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Applications
The typical applications of IN20 consist in the use of polarised neutrons to separate magnetic scattering from the nuclear one
and, eventually, to obtain a more quantitative picture of its magnitude and anisotropy.
Two basic setups can be used:
ecombination of polarised incident beam with a non-polarising analyser (PG, Si), which avoids intensity losses on the
analyser side, to study systems whose magnetic cross-section magnitude depends on the incident neutron spin
orientation: magnons in ferromagnets (cf. Fig.4), excitations in chiral spin systems
ofull polarisation analysis (Heusler monochromator and analyser) to investigate scattering from antiferromagnetic and
paramagnetic systems on the basis of spin-flip selection rules (cf. Fig. 5)
Despite the recent upgrade, the unique power of the polarisation analysis mode is paid for by a severe loss of luminosity (an
order of magnitude and more) as compared to an equivalent setup with unpolarised beams. Therefore it is a good idea to start
studies of a new system by a quick survey of the response in unpolarised mode (IN8C) to identify the ranges of interest so that
unnecessary time losses in the IN20 experiments get avoided.
References: R.M. Moon et al. 181 (1969) 920; J. Kulda et al. Appl. Phys. A 74 (2002) S246.

il Q=[331.38] Phonon anharmonicity in Ge

E=9.8 meV The transverse acoustic phonons at the X point in Si, Ge and some III-V
semiconductors (GaAs, InSb ...) exhibit a negative Gruneisen parameter
and are responsible for the anomalous negative thermal expansion
coefficients at low temperatures.
The IN20 spin-echo (TASSE) measurements on an isotopic crystal of 74Ge
s N2 TASSE have revealed their metastable character (line-width close to zero) below
ab initio 100 K, confirmed by subsequent ab initio calculations: the phonons
required by the only possible difference process of decay are not

o viermri thermal_ly pop_ulated at such low temp_eratures. This behaviour is
= alstic: fhonon Scattering qualitatively different from that of optical phonons at the centre of the
instrumental resolution Brillouin zone, the only ones accessible to line-width measurements by
Raman spectroscopy (see figure).

74
Ge

40

30

20

10

FWHM [ueV]

=20

0 50 100 150 200 250 300 350
T [K]



Ba, (K, ;,Fe,As,, T.=38K

BaFe,As, is antiferromagnetically ordered with Q,. = 1.15 A

Figure 1| The crystal structure of Bag ¢Ko 4Fe2As;. The unit cell of

Bay ¢Ko.4Fe,As, contains two layers of Fe,As, tetrahedra (Fe, blue spheres;
As, yellow spheres), separated by planes of barium or potassium atoms (red
spheres). The blue arrows show the ordering of the iron spins observed in the
undoped parent compound BaFe,As, (ref. 19). The atomic distance of 2.77 A
that characterizes both the antiferromagnetic modulation and the newly
observed resonant excitation is indicated by the red double-headed arrow.

25
=
L 20F
E ® --#-
T
| =
]
=
=1 +
=
@ 40 -
IE +

05 10 15 20 2505 10 15 20 25
Ql (A1) |Qf (A1)

Scattering intensity {mbarn sr! mol)

Figure 2 | Resonant spin excitation in Bag 4K, sFe;As,. Inelastic neutron 35 i + * t_—
scattering, measured using an incident neutron energy of 60 meV at I

temperatures below (a, 7 K) and above (b, 50 K) T_, shows the development B

of a magnetic excitation in the superconducting Ehase at an energy transfer
of 14 meV and a momentum transfer of 1.15 A . The strong scattering at

Tem perature K)

Figure 4 | Temperature dependence of the resonant spin excitation. The

low energy transfers arises from the tail of strong elastic nuclear scattering, inelastic neutron scatteringintensity from Bao (Ko 4Fe;As, integrated over Q
. . . . . . . in the range 1.0-1.3 A" and over w in the range 12.5-17.5meV. The

and the strong increase in scattermg+at }‘ugher value{uf Q is dtfe tf:' me{nstm integration range corresponds to the region of maximum intensity of the

phonon scattering. The colour scale indicates scattering intensity in units of resonant excitation observed below T. (Fig. 2). The error bars are derived

: . MR from the square root of the raw detector counts. The dashed line is a guide to
millibarns per steradian per millielectronvolt per mole. the eye below T, and shows the average value of the integrals above T..
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