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Interaction of a Monochromatic Beam with Matter

As the beam passes through a matter, radiation is removed from the direct beam by a variety of
processes summarized below. |

1- X-ray / Matter Interaction processes

rclastic s : A'=A ( Thomson scattering)
Scattering '

\inelastic :A' > A (Compton effect : energy loss)

R(?‘»')
20
‘ (sample) Vi > transmission
\ & -electrons (recoil and photoelectric)

¢ -heat
¢ -fluorescence (true absorption)

(magnetic interaction of the photon with the
spins of the atoms : very weak but can be
studied with the synchrotron radiation)



2- Neutron / Matter Interaction processes

elastic (A'=A)
Nuclear scattering {"';

inelastic (A' > or < A) (phonons)

spin f (A)

e -

(sample) > transmission

neutron e nuclear reaction (true absorption)

& Magnetic scattering: neutron spin interacts with unpaired
electrons of atoms (coherent or incoherent)

Remark : the scattering effects contribute to the absorption of the incoming beam : the total absorption

copfﬁ)cients take into account the true absorption and the scattering process.(The absorption cross-
section).



Scattering

(O
o @ @c

Nuclear
-~ Interaction

Surface —
Neutron
Dipole-dipole © e
Interaction
- @ @ @
Electromagnetic o
Interaction
X Ray

SCATTERING INTERACTIONS

« Neutrons imteract with atomic nuclei via very short range (—fm) forces.
* Neutrons also interact with unpaired electrons via a magnetic dipole
interaction.



A Typical Neutron Scattering Experiment

E Kk’

g ol
]

m ol
|

I

o

Momentum = bk; Ervergy = b%*2m

« Measure the number of scattered neutrons as a function of
Qand ®

« The result is the scattering function S(Q. ) that depends
only on the properties of the sample



What we Measure in an Experiment:
the Total or Differential Cross Sections
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Scatterin g ? Classical point of view

Initial velocity V;, V, velocity at point r, final velocity V;
r, distance particle to diffusion centre O
0, angle of deviation by scattering
e O, diffusion centre
ST o ) m, mass (neutron)
g F, force applied by Otom
F results from a central potential V(r) such as:
F = rir. dV/dr, the diffusion cross section o is defined from the particle flux j as

Ji . rir = j; olr?

Quantum point of view

E =% mvZ(class.) — p?2m =-ik V(quant.)
E = -h2/2m Vé Y; invacuum

E.=(-h22m V2+ V)y in matter

The incident wave is solved as Y, = exp ik;. r
with energy E; = (kk;)4/2m



In case of elastic scattering

k; = k.
scattering corresponds to y, interference
state between g, and y;the scattered wave

W, is a spherical wave:
W, = exp i k.rir f(k, k)
SoQ=k-k=2nH, f(0),

k
g I B2 o | .
P I B Bockiensd Qe Far from the scattering centres
VAl ¥ __— Wave b _
K, V- w (in sample), waves should be
\ \: considered as plane waves
I I Scattering Center
Incident .-.Rxl atr=0

Plane Wave &




Born Approximation

One considers V(r) as a small perturbation, so y(r) = exp i kr + op with dyp << 1
Using the Green function formalism (that is given by G,(r) (e ik,.r)/4nr)
when r goes to large values, on obtains :

oy — m/2nh2 [ V(r)expi (k- k).r dr’ (expi k.r)ir where k' =k rir
oy — (exp i kr)ir f(k, k') = exp i kr)/r (0)

The scattered wave amplitude is proportional to V(Q), the Fourier transform of
the interaction potential, and besides:

c(0) = 1(0)2



(1)n . spin %2, no electrical charge <« wave function

Atom
nucleus : nuclear spin | ) interaction potentials V
electron : electronic spin s, cross sections

Y =W + Y. - gpherical scattered wave W; = expikr/r f(k;k:)
™ plane incident wave W. = expik.r

f(k:,k;) has dimension of length
~ scattered amplitude = cross section

Comparisons
electron diffraction V is a coulombian potential
XRD V is electromagnetic (Maxwellian)
neutron V are dipolar (I, s,)

no coulombian interaction
very short range nuclear forces = strong penetration



Amplitudes

Vi(r) — ? -the nuclear potential has a strongly short efficiency distance.
Vy(r) = 2nth?/ m &(r) so, | 8(r) expigrdr=1 then fy(k, k') = constant = b

1
V,,(r) — ? -the magnetic dipole — dipole interaction : n . e- for which potential is

Vy(r)=M,xV).(M,x\).(1/r) leadsto ©
fu(k, K)=2m/h? (M x e). (M, x e) with e=Q/Q
Since the magnetic electron density is far to be punctual, so it must be F.T.
f.(q), depends on the scattering vector (Bragg angle)

Remark 1: If M,is//to e thereis no magnetic scattering !
Remark 2: M,=Me,. + Me, leadsto (M, xe).(M,xe)=Mn.MeL.

fy(k, K) =e’m,.c?y o,.0,1.f.(Q)

e’m,.c?y = 0.538 10-2 cm = 5.38 f (Fermi)



Penetration Depth (m)

Penetration Depth
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Note for neutrons:
 H/D difference
e Cd, B, Sm...

* N0 systematic A
dependence



Coherent / Incoherent

If, two waves are coherent, amplitudes add,

If two waves are incoherent, intensities add.
e.g. A, and A, with a phase difference A® (whatsoever)
| = (A, + A, +cos®)?=A2+2A,.A,cos AD + A,2cos AD?

<cos AD> = 0; <cos’Ad>=1/2and <I>=1|_.=A2+1/2 A2
Suppose A, =1 and A, = ¢ and AD = either 0 or &t; ( = control of coherence),
one defines *=]0)=1+c+¢e2 and I'=l(n)=1-¢+¢2

Al =1* + |- = 4¢, exemple for ¢ = 0.05, Al leads to compare 1.25 10-3to 2 10"

Nuclear coherency

| < 2n+1 states

' s ls2 > b

n -l . the total angular momentum has only 2 states
1 = -12 - b
Sob=Db,, +b, 1.5y, then Deon- = b* (1+1)/(21+1) + b~ 1/(21+1)
Die- = (b* - Db)/(21+1)
<I.s>=0; <(I.sy)?>=1(1+1)

So, 6, =4 n(p*b* + pb)? and s, .. =4pp*p (b*-b)?
with p* = (I+1)/(21+1) and p = 1/(21+1)




Fy (H) = b, exp 2ni H.r, + b, exp 2=ni H.r, A, and A, are not correlated, so :
<F(H)?>> = b,coh.? exp 2ni H.r, + b,coh.?2 exp 2ni H.r, + b, .2 1,(I,+1) + b, .2 1,(I,+1)

The incoherent scattering does not depend on any scattering vector H (at elastic
collision for nuclear scattering processes)

Magnetic coherency

Considering the polarisation of a neutron beam before and after scattering,
4 states can be found for the scattered amplitudes:

Ut+t = bcoh' tpUL,t binc‘ Iz U--= bcoh' tpHUL - binc‘ Iz
Ut-=p (U - Hyy) + by (L + 1) U-+=pHoi+ M) + b (- 1)

where p is the amplitude for magnetic scattering

— coherent magnetic scattering is always non spin-flip
— scattering by electronic moment g may be spin-flip or non spin-flip depending on
the relative orientation of u, of polarisation I (— 0z) and scattering vector Q.

— polarised neutron allows polarisation analysis

— separation between coherent and nuclear spin incoherent scatterings
— magnetic structures :

— I// Q — separation of nuclear and magnetic lines

— I+ Q - reveals spin flip contributions (non collinear systems)

— incoherent paramagnetic scattering



On some scattering neutron cross sections
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Comparaison des sections efficaces de diffusion cohérent.e
et incohérente des neutrons avec celles de diffusion
cohérente des rayons X pour une sélection d'atomes.



Nuclear Scattering Amplitude

Scattering amplitude (1072 cm)
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X-rays
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Irregular variation of neutron scattering amplitude with atomic weight due

to superposition of ‘resonance scattering’ on the slowly increasing ‘potential
scattering’; for comparison the regular increase for X-rays is shown. (From Research

(London) 7, 257 (1954).)

Coherent



Inelastic

(a) Elastic Scattering (k'= k)
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Neutrons can
L -~~~ Gain or Lose Energy
o : [ inthe (Inelastic)
Q .
20 26 Scattering Process
""" k - D Kk
Neutron Loses Energy Neutron Gains Energy

=y (k' > k)




What we can lean from Inelastic Scattering ?

= Meutron EnergiEE 12
1 oeV™ Sepx? ™ M40 GHz ™ 12K 0] kTmol ~ ps

= Comparabla o the time scales of atomic molions in
materials

= Significant fractional changes in neutron energy result from
exchanging energy with moving atoms in a material

= Compare:
— Light: E~eWV's; L~ 1005 50 ~ 0 alzo saleciion rules
— Mams E~ReV's w~0] oo

= Motz that cold nautrons {E < 5 mey; A > 0.4 nm} allow cna to
cbserye both longer length scales and slower dynamics



Inelastic Neutron Scattering
measures Atomic Motions

The IIII'IIEF{ ﬂrEFlE]rl:l:II'EHUE-I'I tuncdon ¢an ba LFE'ETE'EEII
(1,5} = probablity of Snding 3 nucleus 3t jr.t) GIven that :Nerz 15 one at r=0 at t=0
@, [rl) = probatbilty of incing 3 nudeus al [t} I Ihe s2ms nudeus wes & 1=0 &t 1=0
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Inelashc coherent scamaring measaras correighiad motions of atoms
Inelasdc incoherenst scamaring measusas falcoorrelaiions e g, diffusion



Examples of S(Q,») and S.(Q,®)

—=p = Exprassions jor S(Q.0} and S,{(Q.w) can be worked outiora
number of cases 2.g.
— - Zxcitaripn or absosption of on2 quaaram of lawice vibratoasl
engszy (plionon)
—> — Various wodels for aromic mosipns in liquids aad glasses
— - Varous models of atomic & molecular tanslationz! & rotztional
diffusion
-~ Rotagonzl sunneling of niolacules
— > — Singla particie mosions ac Ligh womanten mepsiers
— Transitions betiveen crystal field lavels
— Magsons si:d otler megnetic excisetions sucl: 35 spiions
==P . |nelastic neutron scatiering reveals dafails of the shapes of
interaciion potentials in maienals



Quasielastic Neutron Scattering

= For a single difusmg parlicle, ihe probakdity, p, of Anding it vwiibn a

= 5__(Q E)is ih=iime Fourer

sphers around fis starling posiion keaks like.. ..

tr.=n5:_-:-:11'|-:-ftl'r5 pr-::hal:-l_'g,r
Sy E) = .




Quasielastic Neutron Scattering

If thera is a finite probability that a particle cccupias its initial

position as t-> 2 the scaltenng will include an elastic
componsant |

For example, if two sitas

may be cccupied and S{QLE) ={ASE) + A, L

D, = Yo+ et P
pz = 14 _ 14 prdtis S

Ay is called the Elastic Incoharans
arwcmure Factor (EISE)

Iiote that the S-funcion is always
broadenad brv instnunental affects

Half Width ~ 1/t
(ndepsndent of Q)




Recall, other interesting techniques as:

SANS (Small Angle Neutron Scattering): size of
agregates, grains, particles, domains at um to nm

Diffuse Scattering: ponctual to extended defects,
static or dynamic characters

Reflectometry: thin layer analysis
Neutronography: absorption contrasts

etc...
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