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The discovery of neutron
(Chadwick, 1932)

1930 - Bothe and Becker bombard Be with a-particles
obtaining a very penetrating and non-ionizing
radiation, that was assumed to be composed by
very energetic g-rays.

Soon after, Curie and Joliot observe that this radiation,
hitting a target of paraffin, give rise to energetic protons
(5.3 MeV). Where this radiation composed by
g-particles, their energy should have been of
some 52 MeV, quite unlikely.

1932 - Chadwick identifies this radiation as neutral
particles with a mass similar to that of proton.

The neutron is officially born!
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neutron properties

® Free neutrons are unstable,
with half-life t = 10.6 min. (b-decay)

® Bound neutrons are (generally) stable
® Mass: m = 1.6749286 a.m.u.

® Electric d.m. < 1025 (e cm)

Spin: s =1/2

Magnetic d.m.: m= g, s m,

» For a neutral point particle g, =0
» Instead, m=-1.9130418 m,
P neutron is NOT a point particle
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Neutron production: nuclear fission
Fission

Uranium 235

8 92, o2

slow neutron fission of the chain reaction
axcited nuclens triggered by
moderated neutrons
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Example: ILL reactor (58 MW)

4.3 x 1018 neutrons / s (fission)
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ILL: Instrument map

Guide hall 2 (ILL 22)

£ Threg-axis group

[ Diffraction group
=1 Large-acale structure group

) Time-of-Nighthigh-resslution group

3 Muclear and particle physics group
[ Test and other beam positions

Reactor HH“ . P2

Guide hall 1 {ILL 7)
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Neutronica“F.P. Ricci”, S. Margheritadi Pula (CA), 25 Sept. - 6 Oct., 2006




Neutron production: spallation
(to spall = to splinter, break away)

High nuclear excitation

Nuclear relaxation

- Radiative decay

event
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Schematics of pulsed source ISIS
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‘ Incident proton beam 800 MeV ‘ 15\
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Neutron pulsed source ISIS (160 kW

—

(Oxford, UK)
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RIKEN-RAL Muon Facility
MusR
EC Muon Facility

Moderators:

I Liguid Hydrogen, 20 K
I Liguid Methane, 100 K
I \Water, 316 K
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Intensity of neutron sources:
hystorical sketch (and beyond)

REACLOKS

PuUlsed Seurces

Effective thermal neutron flux n/cm?-s

19S50 1940: 1950 1960 19/0 1980 1990 2000 2010

from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986)
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Properties of neutrons

| h h
De Broglie: | =— =—

D mv

Momentum: P = ik

2 h2 h2k2

=P

=nergy: 2m  2ml ¢ 2m
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Why neutrons?

Copper block: 1x1x1 cm?3
density = 8.96 atomic weight: 63.54

= Microscopic Structure:
> N =8.492 x 1022 atoms
~ density = 84.92 atoms/nms3
> </>=227A=0.227 nm

= Dynamics:
> Kin. Energy = 3/2 kgT (not true)
> <E>= 38 meV
> <v> =343 m/s
> <t>=0.6 ps
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Thermal neutron properties

Moderator: T = 300 K
m E=25.8meV

~ elementary excitations energy

m | =1.7/8 A

mic distances in condensed matter

rticles

ration power in dense condensed matter
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X-rays too may possess the right
wavelength ...

<E> =10 keV
| =124 A

thus...

Good for probing the
microscopic structure of dense matter

however ...

Energy too large to probe effectively
the microscopic dynamics !
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neutron and X-ray cross sections
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A neutron scattering experiment

Incident -
neutron {eo 1 hko}

Scattered
neutron {el ,hki}

Energy — _
transfer E eO el

Momentum — _
transfer K = kO kl

17
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Scattering cross section:
definition

d?s

dl =Nj (e,)de,

dl  =neutrons collected (neutrons /sec)

N  =number of elements in scattering volume
j (&) =Inc. neutron flux (neutrons/meV/sec/cm?)
de, =Incident neutrons energy window (meV)
de, = Scattered neutrons energy window (meV)

dW =Collection solid angle
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Conservation rules: energy

= Energy — _
conservation: E eO el

= E = energy lost by the neutron

= E = energy gained by the system
» Collective excitations
> Molecular excitations

> Nuclear recoll
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Conservation rules: momentum

= Momentum hk :hko - hkl

conservation:

= Kk, =Incident neutron wavenumber

= Kk, =scattered neutron wavenumber

». ® 7k =momentum transferred
to the system

K > Collective excitations

>M)_.ecum

> Nuclear recoll
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Elastic Scattering
€ =€ nk, =1k

k=2k,sin(q/2)
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Inelastic Scattering
&€ Ikt Tk,

\OI Ko ;

R K

= (Ko - ky)* =kg +ki" - 2kok, cos(@)

From which a kinematically allowed
region can be drawn:
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Kinematically allowed region

9_
] e,= 25 meV
8 q = 180
g =150
7 q = 120
q=290
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—~ | q =45
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E(meV)=e - e

1

g = scattering angle in degrees
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Calculation of scattering cross section

|n|t|a| State ‘O> :‘kO1SO’LO’SO> Flnal State ‘1> :‘klys]_;L]_!S 1>

" Neutron " Neutron
> K, €= momentum and energy »K,, & = momentum and energy
»>Sy = Spin state >SS, =gpinstate

" Target
»E,= target energy

tate »S = target spin state
of freedom »L ,=ALL degrees of freedom

ns v Collective motions

fions v Molecular excitations
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1st order perturbation theory
(1st Born approximation)

N
w0®1—;'_? avio) r (1)

= Fermi “golden rule’,
where:

= V = Iinteraction Hamiltonian
= I'(1) = density of final states (1)
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Neutrons as plane waves:

K,)= L ikor Neutron states ) L ik
0/ 312 Normalized plane waves 1

Number of final neutron states:

L L LI° m
rbk = dk, = dWk dk, =1 k, de,dW
1g D 3 1 szg3 1 k1 szg3 hz 1 ¥™1

The transition probability (energy conservation):
> m

2pg

k,de, dWd(e, +E, - e, - E,)
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Scattering cross section (1)

Incident flux: 1 neutron, [k,, &]

1 p, 17k
F(eO):rVO:L3 rr?:L3 mO

eds u _1 1 di,

o, N F () dWde,

SdWde

k, £ mL® kz
K, %thz

(1V|0)

1 mb wy,,
N 7k, dWde,

... and the expression for the cross section becomes:

2
dbe+ E, - Elg
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The matrix element

|0> and |1> are GLOBAL states of the system (target + neutron):

(1V]|0) = (k,,s;;L 1,5, |V[K,S5i L oS o)

If NO neutron polarization analysis is carried out:

(ki;L1,5,|V]KgiLg:So)

13 ofr €7 (L ;8 1‘\}‘ L 0,8 o) """

Neutronica“F.P. Ricci”, S. Margheritadi Pula(CA), 25 Sept. - 6 Oct., 2006 28




Nn-nucleus interaction Hamiltonian

= Thermal neutrons: | » 2. A =2x1010m

s Nuclear size:

(potential range) r,b »M =1x10+m

" 2 h2 ~ A
V(1) = pm b d(r- R))
where:

R, = position of J-th nucleus

b, = scattering amplitude of |-th nucleus

Neutronica“F.P. Ricci”, S. Margheritadi Pula (CA), 25 Sept. - 6 Oct., 2006

29



Matrix element

1|0}

1. ik ¥ Y, -ikgX
i e’ (Ly,s,|a V(N|LeSoe™

1 hz SN Sk x ~ -
E 2pm a, ofr € (Lysyfbd(r- R))[L oS o)

1337/22 AN -ik x -~
= 5 éj (Ly,s,[b, ¢fre™ d(r- R,)[Ly.S,)

1 8%
13 m

L,s,| Bj e"“|Lg\S o)

1 4% ~
2 m a (54| bylso)(Lsle ™ |Lg)

| Sum over N independent nuclear events

o

a J f0®1(k7 J)

-ikoR,
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Scattering cross section (2)

e d’s

SdWte

&>L_\ ./

®1

(e+Eo' El)

Nko

where:
|0> and |1> now refer to the atomic states
|- labels the nuclel

MEMO

In general:
Initial state: |0> thermally populated
Final state: |1> not selected
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Sum over states

Sum over final states:

e dZS u 1 o) .
& a4 = a . foei(k: )
édV\Uer®1 N ko s

Thermal average over initial states:

‘de+E,- E)

pbl—ogpbsoé. éj 1:0®1(k1 ) 2 dbe"' Eo' Elg
where -

aps,)=1 a4 p(Ly)=1

So Lo
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Dirac d-function

The Dirac d-function writes:
dbe+ E, - Elg iz dt exp$- Ebe+ E,- E gw
2P 7 h
... we take into account that:

Eo=E(Ly) + E(sq)
E,=E(L,)+E(s;)

1 ¥
~ dt
th

p}- Ml +E(L,)+EGs,)- E(L,)- E(s 1)]%
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Scattering cross section (3)

e dZS ) 1 k1 0 0 o,
A "= L,)pls
gd\/\tlej' N kojaI Liop( o)p( O)Lla,sl

1 ov | lerELovEse-EL) Bl

ﬂ@dtel

b

J

<|-0‘eik>{éj L),

S,)

(Life" ™ [Lo)s.lals)
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Scattering cross section (4)

édss U 1 o o )
20 bo 1K 8 p(L,)pl.)A

gWeg N Ky 5i ios, L1s
1 ¥ %llt—eg
ﬂ Q dt e f
Energy terms are (L, ‘e”‘*ii L, )(s, 6; S,)

distributed close

loUS it ) it
oral| e (L eI e
here
ong it n it
o E(Sl)<S 1‘h ‘S O>e hE(SO)
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Initial and final states are eigenstates
of the unperturbed Hamiltonian, H

éds u 1 k1 o o o 1 ¥ i%eg
s ——(= <o a ablypse)a - Qdte
gd\/\ﬂeH N k0 .l Losg ( 0) ( O)L1’51 zph Q
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The Helsenberg operator

Ht . Ht

O,(t)=e"O.e "

and the cross section becomes:

édZS u 1 k1 o o o 1
2 1= — L,)pls —
ng\UeH N kojal. Loa,sop( o)p( o)L%1 nh

(Loe™ L)L ™ L)

by (0)fs ,)(s.|B (1)]s )

(S

\+¥ - Iwt
Q, dt e
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The representation of the final
states Is COMPLETE

é-“-1><|-1‘:1 é‘sl><51‘:1
L, S,

and the double differential cross section becomes:

el Nk S &P 201 O

<L 0 ‘eikﬁ,- (0) kR (t)‘ 1 o>

(5,00 B ®)s o)

5 d%s + .
?dS u 1 k10 o) (Lo)p(So) 1 \¥dte-|wt
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Summarizing:

B The cross section iIs RIGOROUS within

the 1st Born approximation
B The cross section is determinec
» Nuclear position dynamics

by:
b R(1)

» Nuclear spin dynamics

B \Vithin the same framework, we
NEGLECT the nuclear spin dyn
P b(t)=b(0)

> b(t)

B Using unpolarized neutrons, the spin
dynamics information is INCOMPLETE

amics
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Neglecting spin dynamics:

éds u 1 1 ¥ _iwt © © v O
Cvde ™ N :10 pr O€T A 3 PISa)(solo] Bifso)

8 plLo)(Lofe ™ O RO )
Lo

Cross section determined by dynamics of nuclear pairs
We define the pair correlation function:

= 8 p(Lo) (L, € e™RO|L )
Lo

— <eik>éj e' ik>1§| (t) >
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Double differential cross section

EdS U 1k1 | it O
Cawdet Nk 2pn &

MEMO:
Operators R;(0) and R((t), taken at different times,
DO NOT COMMUTE'!

The two exponentials can be combined
In the classical limit ONLY.
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TWO possibilities for the sum over

nucler positions

¢=j self term a p30<80‘6;_ Bj\s 0>:<61+ bj>0 bf

/1]

MEMO: We assume a negligible qguantum
correlation between different nuclel.

distinct term

R le @ (N)
bjh So Sy >

1A _ 2 L@ (N) /e (N)
Sob'Q‘So> =a ps “°pSN<SO S,

1
0 0

' () A+
<so b,

M\ D/ OIR | D
SO >a pSB<SO ‘h ‘SO >

Neutronica“F.P. Ricci”, S. Margheritadi Pula(CA), 25 Sept. - 6 Oct., 2006 42




Decomposition In self & distinct terms

We define the self term: | (k,t)=lé b_jz<e_ik>Rj(O)eik>Rj(t)>
N ~

... and the distinct term

1o o — - CHOR. KR
Idist(k,t)zﬁa a bib <e R (0) GikR (t)>

joIt)

The cross section becomes:;

1
2ph 04 dt eXp{ IWt [I aist (K 1) 1 o (K, t)]
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Monatomic, monoisotopic sample

bj :h =b ... @S a consequence:

b* kR, (0) KR,
The self term: Iself(k1t):Wé <e k>R1(0)ek>R](t)>

]

-1kR;(0) kR, (1)

| 4 (KiT) = é é_ <e €
j
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A neutron diffraction experiment:

Integration over all final energies

the differential cross section is:

ds ¥, ds MEMO:
-0, de

dwW dWde |[TruelFe,® ¥

ds ¥ 1 ¥ :
5 Q, at exp{- |Wt}[| st (K1) + 1 o (k’t)]

limit the static approximation holds: k, @K,

ds
dTV: | 4t (K,0) + 1o (K,0)
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How good Is the static approximation?
(thermal neutrons: atomic case)

Ko ,Q m <<m. b elastic scattering

M+ Recoil negligible
k1 Ky =Ko

e
m

) m »m. P ineastic scattering

mT Recoll consistent
kl
kit Kg
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How good Is the static approximation?
(thermal neutrons: molecular / crystal case)

= Molecular case:

> M >> m, overall recoll negligible

> & < DE (smallest molecular excitation)
s Crystal case:
> &, < DE (smallest phonon excitation)

In practice:
» Careful analysis, case by case.
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The differential cross section

d_S = q (k,0) + | o (k,0) where:

(k O) _ b é <e-ik>Rj(0)eik>Rj(O)> — E

self
N J

R; and R, taken at the same time DO COMMUTE
The two exponentials can be combined.

o <e'ik’Rj(O) |k>R (O)> ‘ ‘ é é<e'ik’(Rj'R|)>
J

1j |1J
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The structure factor
L 1 o -ikAR,- R )
Definition: S(k) = e T
ga e
AS a conseguence:

“8 8 (e =sg)-1

o1t

And the differential cross section becomes:

ds
dw

=b? +[b[ [S(k)- 1 for acifrection

experiment
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The total scattering cross section

For an isotropic system:

s (K) = gjw—_4pb2 4p\b\ [S(k)- 1]

| _ AR R2 —
For ahomogeneous system: S(k) =1 s (k) =4pb® =s _

Definition:

4p ‘5‘ i «Coherent cross section

f— —2 > -
P 932 - ‘b‘ a | ncoherent cross section

woh TS e =4P b2 |eTotal cross section
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back to the d.d. scattering c.s.
éd’s u_k 1
gdWde (] k, 2p7

For a monatomic, mono-isotopic system:

djdt exp{- ivvt} [I (K D)+ (k,t)]

hak =[5 & & (6" e 0) <[’ Fyy (k1)

o1t

— 1 o -ikR; (0) kR () _ 12
Na} <e e >—b F (K,t)

F.i¢(K,t) = intermediate scattering functions
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The classical formula for the double

differential scattering cross section:
[L. Van Howe, Phys. Rev. 95, 249, (1954)]

2
M - B i Fﬁk N]SCOh S(k,w) +hsse|f (K, w)
Ko\ IV 4p 4p
Where the dynamic structure factors are defined as.

S(k,w) = 2_1pz_+;dt expl- iwtq F(k,t)

dWdw

(k,w) = 2—1pz_jdt expl- W tq Fo: (K, 1)
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General considerations
on the distinct term (classical limit)

o o = / -ikfR(0)-R 1)
a8 bibi(e )

1
Thedistinct term: | 44 (K, 1) = N

[R; - R, ] > internuclear distance (»1 A)

when k>>1 A1

then, fast phase oscillations impose: | ;4(k,t) @0

when k<<1A1

| ;4(K,t) probes long-wavel ength
collective (phonon) modes
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General considerations
on the self term (classical limit)

Theselfterm | __ (k,t) :%é b_j2<e-ik’ERj(O)-Rj(t)]>
J

Large k probe the short-time self dynamics.

Small k probe the long-time diffusive motion
[exp® 1, inacrystal (NO diffusion)].

‘ Self term isthe only surviving at large K. ‘

Very largek P very short-time dynamics

[R () - R (0)] @v;t (impulse approximation)
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coherent / Incoherent scattering

éd’s U K, 1 wt L o /oy KR, (1)
= dte™ — b. <e e >
Embell” k. 207 O a (578

by writing: <bj b, > < lq > <b b. >
=(67)(B),., +d,.(65) 20, (67 )(By)
=(5,) (B)+d,.got)- () (B

For a monatomic, mono- |sotop|c system:

"6 ) =[p| d,.é - o[ 4= . =[5 o+, )
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Scattering cross section (5)

cd’s U_k 1 djdte‘”“l(k,t)
Cavde ! k 207
where: |(k,t) =1, (k,t)+1. (k,t) with:
S
| (k,t)=—"F(k,t K )= F (Kt
coh( ) 40 ( ) |nc( ) 40 self( )
| _ 1 o/ -ikR;(0) kR (1)
and: F(k,t)y=—q (e e ™
v )
1o

F (K, 1) __a < |k>Rj(O)eik>Rj(t)>
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Origin of incoherence in elastic neutron scattering

Monatomic mono-isotopic system:

¢ Nuclear spin * 0O: the spin transition
Introduces a random term in the phase of the
scattered neutron wave
(constructive interference NOT possible).
P incoherent scattering (es.: Vanadium 51)

¢ Nuclear spin = 0: NO spin transition allowed
(constructive interference IS possible)
P coherent scattering (es.: Argon 36)

Monatomic isotopic mixture

¢ Incoherence is induced by different
scattering lenghts of different isotopes
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Origin of incoherence in neutron Inelastic scattering

Collective excitations (phonons)

¢ The scattering event on the single nucleus is
(substantially) elastic:

¢ b constructive interference IS possible

Molecular transitions are excited:

¢ The Intra-molecular transition introduces

a random phase in the scattered neutron
propagator:

¢ b NO constructive interference possible.

Neutronica“F.P. Ricci”, S. Margheritadi Pula(CA), 25 Sept. - 6 Oct., 2006 58




Summing up:

Neutron features

How neutrons are produced

Thermal and pulsed neutron sources

General theory of a neutron inelastic

scattering experiment

= Integration over the final energy
(diffraction)

= General considerations on D.D. cross

section:

» High k limit

> Low K limit

> origin of the incoherence Iin neutron
scattering

Neutronica“F.P. Ricci”, S. Margheritadi Pula(CA), 25 Sept. - 6 Oct., 2006 59




THE END

= ...of partl

s {0 be continued ....
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Plan of module N.2
(discussing the Born approximation)

1. Scattering from a central potential

General solution
(Green function method)

Perturbative solution
1st order solution (Born approximation)
Validity Criterion

Failure of the Born approximation
(wow!)

Fermi conjecture
8. Fermi pseudo-potential

N

o O h W

~
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Particle scattering problem
In Quantum Mechanics (A. Messiah, Ch.XIX)

‘ Problem: scattering from a central potential V(r). ‘

o h2 0 Schrodinger
§ - V(r) Y(r) EY(r) Equation
m %)

A known Eigensolution (with the correct asymptotic behaviour) is:

|kr 21,2
1 hk

f _ with E =
(W) 2m
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Solution of Schrodinger equation

wedefine: U (r)=—V(r)

(NZ + kz)Y (I’) =UJ (r) Y (r) Schrodinger equation

General Solution of the inhomogeneous equation:

eneous(r ) +Y particular (r )

Solution of the homogeneous equation:

r)=0 P F(@r)=€&“~
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the Green function method
for the particular solution

Definition of the Green function:
(N2 +K2)G(r - r') =d(r- r')

Particular solution:

Y(r)=¢dr'G(r-r)u(r’)Y(r')

Formal general solution of Schrodinger equation:

(r)- ¢dr'G(r-r)u(r’)Y(r')
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soution of the Green equation:
(NZ + kZ)G(r) =-d (r) We define the Fourier transform:

F (q) - (dr e iqu(r) the differential equation becomes:

(- q2 + kz)F(q) =-1 .. andthesolutionis:
1

- From which, using the inverse
q 2 _ k2 Fourier transform:

1 |
G(r) = Mo e F
(r) (20 glae™ F(q)
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the Fourier integral (angular part):
6() = 15§ d §dasn@) dag’ "R

_
(20)
1 N 2 < Igrx

= (Zp)zgdqq F(q)que

1

(20)

1 ¥ .
7 @ dAasin(@nF(a)
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2sin(gr)

\¥ 2
> Qdaq” F(g)
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the Fourier integral (radial term):

G(r) = 2p12 quqsin(qr) > 1k2 integrand EVEN in k
I g -
— 12 djdq sin(qr) > 1k2 exp. form of sin(kr)
4p q° -
1 iqr - iqr
- 1 ‘¥dqqe 2_e > 1kzcombiningthe2exp.
I g -
eiqr
dqq 2 2 contour integral in the
g - kK

complex plane
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the contour integral:

G(r) =—— ¢ d "
~Zip7r O (g K@+ k)
Im(c) )
1 @
G(r) = 201K

") 4ip °r P oK

- eikr

o

Re(g)
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the Green function:

The final result for the G(r-r1')= €
Green function is:

And the formal solution of the
Schrodinger equation becomes:

iky|r- 1"

e

I 4p\r o Uur')Y (")

e
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Approximation N. 1: far field

O - = \We arelooking for a solution far from
the potential centre.

: A = range of U(r) <<r
‘r T ‘ @, S 'K 0 9 (r)
Thus the formal solution becomes (k, directed asr):

Ikqr

e

Y or e ru(r) Y (r')
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Perturbative solution:
| eiklr | .
Y r :elkox _ \ r| e—lkl(l’X)U r| Y rl
(r) 4pr03| (r')Y(r')

Equation can be solved iteratively
[provided U(r) is small]

Y © (r)= go” 0-th order solution !

1-st order solution !
Ikqr

_ € i e T u@r) YO

a r
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1st order solution (Born approximation):

k= k, (r/r) r
q >
kO

| 1kqr

Y (1) (r) — eiko* Ojr e 1(Kq-Kg)¥ U (r )

k =k, - Kk,

The solution, in Born approximation, becomes:

el opirt €™V (r)

e uU(r) =
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validity condition of the Born approximation

1st order solution:

|k1\r- r

Y (r) = e " - Gjr —U(r') e

The 2nd term (spherical wave) SHOULD be

smaller than the 1st (plane wave).

iky|r-r]

e

1<<1

This condition should be valid in any point r,
where the interaction potential is* 0
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check on the validity condition

Without loss in generality, we assume:
= square well potential (depth V, and ranger,)
m I @

eiklr' | |
IV(rl) elk0>F <<1
I

4p

2m  , .
D= ?Ojr

Moreover:
We take the the z-axis along Kk,
We assume k; ~ K
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IKsF
m Io 260

angular integration

I KAr
2eko

a0 r

oz Qe =—v(r) LG
mz (5dr r [ o _
m, o 2ikqr
™ h02 0 dr [ - 1]
0

Ikgr cosq

|k0r]
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radial integration

D = |::;/22 S dr [e2 - 1]
figre i, & o
We define: y=2 k,r, D = 210\2/22 € -iy- 1
- 222/;2 (67 - iy- e +iy- 1)|?
22 2yiny- 2oy
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fallure of the Born approximation !
Assuming: | ,@108%cm, ry=2x1013cm
y=2Kyryg=25x10%<< 1
nv, ey’ u

Y2
D= +2- 2ysSin 2C0S A— +-
[y ySiny- Y] 2k0h2 34 H

2k0h2

and the condition becomes:. D @

Assuming (n-p interaction): V, @36 MeV

102" %36 10°4.6" 10 )" 10°%
10™™ @1

Definitely DisNOT << 11!
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Fermi conjecture
(La Ricerca Scientifica, v.7, p.13, 1936)

F(W)»— Gjr e" T V(r)» —V o = = scattering amplitude
(can be measured)

= Decrease V, and increase r, In such a way
that V, ry® remains @constant

= For example:
~ V, =V, x 10
> Iy =rgx 102
korg =2.5102<<1

2
p@™ (2r )" @87 10" 10'=3.7" 10
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In other words:

= Collision theory for thermal neutrons can
be reformulated in such a way that the 1st
Born approximation can be safely applied.

= Thermal neutron wavelength is long
enough, that we may extend the range of
the neutron-nucleon potential by two
orders of magnitude, still considering the
scattering event as happening in a point.

= This allows to decrease the effective
amplitude of the potential by six orders of
magnitude, without changing the
scattering length
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Definition of Fermi
pseudo-potential

2
2P 7 5

V. (r) = d(r- R)

= |t contains only the (measurable)
scattering length ...

= ... and some fundamental
constants (neutron mass and #)
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Summing up:

= Scattering Problem in Q.M.

= Solution of Schrodinger equation
(using the Green function method)
The 1-st order solution

(Born approximation)

Failure of the Born Approximation
Fermi conjecture

Fermi pseudo-potential
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Plan of module N.3
(dealing with recoll)

1. Recalling some basic QM relations
2. Intermediate scattering functions
3. Evidencing the recoll factor
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Some basic QI\/I relations (1)
[R P ]—Ihd dab - label the nuclei

j,a?’ label the Cartesian components
AsS a conseguence:
T o
P, A(r, =-1h A(r, R ., A(r, =1h A(r,
[Pla A P)) = 5 co— ACT.P) R AT )] =i6 o~ AlT )

In particular:
|Q] =nk, d, exp|ik ><R|q

from which:

'k><Rq: exp|ik><R,C|0hka d;, + Pj,a|
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Some basic QM relations (2)

The procedure can be iterated.
Ip . I" explik R (| = expli >R QI o, +p I
and we arrive to the general expression:
A(r, p)expllikoR,S = expllik-R SA ;P Py, P, + 2kl Py ]

Thus, for any function of operators A(r,p) we have:

XRJ'SA(r1 p)eXpl- IkXRIq —
>de - R |.I:/A\(r‘;P1,P2,...,|:>I - Bk, Py)
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Application to the Hamiltonian

it it
alkR ehHe R, _ ehH(r Py, P - BiK e Py )

If the Hamiltonian has the standard form:
2

H(r,p):%wm

... then we have:

-k P) =T, p)- (P K )+
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Recall the intermediate scattering functions

é < ik>Rje-ik>R|(t)>

F(k,t) =
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‘1 221,2
v L8 [ JdRR)

F(k,t) =e" 2V

They become:

e, 7 p U it
_a a ehSH M(Pl’k) -—H
N J1|

coherent term

it 712k 2 ite,, 7
ah 2M ié ehSH M(
N J

Incoherent (self) term
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defi_ne the_ operator A(K;t)

HE(r,p) - —H(r,p)

it
A (k,t) =¢e” e

s h u
where:  HE(r, p) = g—l(r, p)-M(Pj >k)H: [H(r, P)-7v, >k]
Its equation of motion is:

- .ot it it - . it
LI (k,t) = 2H1 i " 4 R H O
J 1 (2 h j h j
eh g en g
trigp HE-H ¢ - o H
=eh ¢l e
e nh g
T 't

=" (-iv %)e”
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Choosing the reference system

= Origin © position of j-th particle at t=0

[ | F(r):F (Rl’ “any Rj-l’ Rj+1, ey gy RN)
(independent of R;)

As a consequence:

= [P, H(r,p)]=0

= the Eg. of motion reduces to:

1 v (t) >k] A (k,t)  whosesolution s

A(K,0)- i v, (t) k] A (k. t)
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terative solution of Operator A;(k,)
A (kD) =1- ik Qaty, , (1) A (K. t,)

1-th order solution:
-
AP (k,t) =1- ikQdt, v (t:)
2-nd order solution:

AP (K1) =1- ikAdt, v, , () AY(K,t,)
] g Q 1 Yj,k\"1 |

t & _ i N u
dt, v, (1) g |kQ dt, vj,k(tz)g

)@tdtlvj K (tl) T (' | k)2 édtlél dt, v , (tl) Vi« (tz)
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Formal solution of A;(k,t)

AKD =8 (1K Gt § dtv,  ()-+v,, ()

Introducing the Dyson (Time Ordering) T operator:

o (- ik d
At =8 - ) th QAt, TV, (t)-++v,  (t,)}
and the formal solution becomes:

_ - ikgdt vy ()
AK,t)=Te ™°
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Introducing atomic displacement
Atomicmotion: R (1) =R (0) + @tdt' v, (t')

{
projectingalong k: ~ R; (1) =R; . (0) + @dt' V. (1)

A (k : ’[) = Teik{Ri'k(O)' R k(D)) = formal solution.
J In vector form:

_ Teik)[Rj(O)- R (t)] _ Te-ik)[Rj(t)- R (0)]

_ e-ik{Rj(t)-Rj(O)] PR LNG
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Back to intermediate sc. functions

h°k®
2M
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Having defined the recoil energy: ER =




Summing up:

= Very general Q.M. relations

= Applied to the intermediate scattering

functions F (k,t) and Fg4(K,t)

= EXplicit derivation of recoll term
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Thank you for your attention!
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INES

talian Neutron Experimental Station

Scuola di Spettroscopia Neutronica “F.P. Ricci”
S. Margheritadi Pula (CA)
25 Sept. - 6 Oct., 2006

Marco Zoppi
Istituto dei Sistemi Complessi

Consiglio Nazionale delle Ricerche




INES: W.W. W. W. &W.

WHO:

o Italian CNR Neutron Spettroscopy Committe
WHY:

¢ Italy has NO national source for neutron scattering
WHAT:

¢ Multi-purpose powder diffractometer
WHERE:

¢ ISIS (the moste powerful pulsed neutron source)

¢ Beamline N-8, downstream TOSCA spectrometer
WHEN:

¢ 2003 - Official start of project

¢ 2005 - End of Commissioning
¢ 2006 - Beginning of user program

Scuola di Spettroscopia Neutronica“F.P. Ricci”, S. Margheritadi Pula (CA), 25 Sept. - 6 Oct., 2006
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L
ROTAX
snnnms ALF T ML et
T = = - I_',_-A ol - = i =
o Y & i : B ; :
oWy O @ L : 7 : o _ { 1
SXD B ] f P_ﬂ,sm CRISP T A e it E -
LIS ¢ e P ‘
~of e < 1§ ™
4 =

ENGIN-X
’.»
2
411}:90 @gs?ﬁ H : I RIKEN-RAL Muon Facility
DEVA ™ O EMU
MUusR

EC Muon Facility

Moderators:
I Liquid Hydrogen, 20 K
I Liquid Methang, 100 K
B Water, 316 K
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Frame overlap on INES

Frame overlap at INES position L=23.8 m

We assume as
an
acceptable
l[imit:

-
=
©

~
Pa
>

e
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INES features

| ,=22.80m.
L, = 1.00 m.

min — 0.17 A max — 3.24 A
Ofin = 11.6°

Qin= 0.4 Al d_=16.1A

min MaxXx

Qmax: 17. A dmin = 04 A
Oy = 170.6°

Qin = 3.8 Al d.. = 1.65A
Q= 75. Al d...= 0.08 A
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Diffraction resolving power
(pulsed neutrons)

In general:

Shape and size
of moderator

Shape and size of
sample and detector

Relative angular size
of sample and detector
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Moderator effect

Different |
£

Different
time
1500 2000 2500 d| Stn butl ons

Time [us]

Instantaneous flux [n/cm’/s/str/A]
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sample & detector size-effect

2 _aDQ0 _aDiy [abLy D) §
edg &Qg etg \eéL g /etandg

» sample |
>
>
¥
S
L:LO+L1: TOtaI path deteC’[OF '

Different in the 2 cases !
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Angular size effect

;2 o Lo [aeDI o
=C = e~ 167
Qgp étg &L g \étand g

Qs .

dqg

Asg® O b 1/tanq® ¥

Angular term diverges
at small angles

detector
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Neutron diffraction resolving power

In general:

Using squashed detectors

Decreasing efficiency?
NO PROBLEM

D High pressure
SHe detectors

\AAAAAL
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INES resolving power

(no angular contribution)

——dL/L
—dtft
d_lam/lam

c
2
+—
=
o
%]
[¢5)
@
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INES resolving power (total)

—dQ/Q 8

—— dQIQ_15
dQ/Q_30

— dQIQ_45

| dQ/Q_60
— dQIQ_90
| dQ/Q_120

——— dQ/Q_150
——— dQIQ 172

INES - resolution (elliptical detectors 2.5 mm)
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What about the neutron flux?
(courtesy of P.G. Radaelli)

yidth]

=
m
&
i

E 4]

(5 | 23

m

[neutronsic

"
s

1

Wavelength (A)
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INES: the actual instrument

Beam size: 34x34 mm?
Uniform flux

Limited penumbra

: |.||I|I||||I|! |||||i|||::|"||_|_|! |t.|I | . | I | I 1k 1 I‘.III IIrJ?I|-|!II|:’|I||!:!1 I!|

goto b dides
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