Oil spill in front of the reactor building..
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Light and neutrons

* Neutrons reflect from mirrors in a similar way as light.
* Manifestation of neutron’s wave-particle nature!
* Light “sees” electrons while neutrons “see” nuclei

The underlying reason for these commonalities
(V2+EHA=0

both types of radiation their propagation obey a second-order partial
differential equation of the same form (Helmholtz equation)
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Neutron reflection at a planar surface

Detector
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Neutron reflection at a planar surface

elastic specular reflection \k—é\ = \kg\ =k =21/ E = r*k*/2m

wave-vector transfer: () = ]C_j | = |ch — 150\ = 2ksin 6 = 2k,
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Starting point for calculations...

time independent Schrondinger equation for a
particle in a constant potential

1 o7+ (B = V) $(7) = 0

2m

the interface is homogeneous in the xy-plane and reflection or
refraction may take place only in the z-direction, thus problem reduced
to one dimension

h? d?
. h2k2 sin® 0
z0 —

2m
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Neutron energy vs potential...

at small angles V_-FE,. >0

large angles V-FE, <0

for a critical angle wehave V — E, =0

 h%kEsin® 0

2m

2
21l we get

using V = p and Lo

A2 - P
COSHC:\/l——p or 0. ~ —
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We solve the wave equation for the two cases...

for E, <Vi(0<8.)

h2 d2
> T Yo(2) + E.o1pp(z) =0 upper medium
h?  d?
—5 1 (2) + k21(2) =0 lower medium
m dz
2
with k2 = h—?(Vl — E.o)
¢O(Z) _ eikzoz + Te—kzoz
solutions:

P1(z) = te™ "°
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Boundary conditions...

wave function continuity: ¥o(0) = ¥1(0) 147 =t

deO(O) _ di)q (O) ikzO(l — 7“) = —KU

momentum conservation:
dz dz

k.o — 1K 2 ‘kzo — m’2 |
>0 k.o + 1k an u koo +ik[2\_
total reflection!

also note: |11 (2)|* = |t|?e”*"*  evanescent wave
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Second case...

for E.>Vi(0>0.)

I dz? sz(Z) + ( M ) sz(z) =0 upper medium

h? d? h2 2 2 |
2m dz? ¥a(2) + < 2,,;0 o P) V21(2) =0 lower medium
- .
5 + ko o(2) = 0
of d? , - 2:
{@ + (F —4@)] V1(2) = | 55 + k4| 1(2) = 0

with k§1 = kio —4dmp = kgo [1 - ()‘Z/W)p]
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solutions of wave equation...

eikzoz _I_ Te—ik‘zoz

N

Yo
V1 (

)
)

teikzlz

N

plane waves moving in and out of the interface...

and by applying the same boundary conditions as previously we get

kZO T k21 kzO — kzl ?

— R=lrl* =
1—|—th }_»T ]{Z0—|—]€21 }_> ‘T‘ |kz0—|_kz1

2
kzO_l_kzl T:‘t’ :|
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we can work the last result a bit more...

2
k20.c = 77? sin 6.
4 \2
k2, o= i sin 0, remembering that cos 6, = \/1 — —p
A2 7
4
kz()c =z —(1 —cos*6,)

we get k§ = 4wp and together with k2 = k — 4mp

we obtain k%, = k%, kzO ;

k.o — kgo _kgOc
2}—> R = \/ ’

kzO — kzl
kzO + kzl

:”r" :|
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and finally we get...

1 — \/1 - (QC/Q)Q

since @ 0 R - \/1 =00

exact expression

| . L (Qc\
using the Taylor series /1 — (Q./Q)2 =1 — 5 (—) + ...

1 Q%
f >> (/. ~ — —¢
or () @, R 16 O°

Fresnel reflectivity
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Summing up: neutron reflection at an interface

RQ*

0.1
0.01
1E-3
1E-4
1E-5
1E-6
1E-7

1E-8

Reflectivity
air/Si

1E-9

1E-10

0.00 005 010 015 020 025 030 0.35

QA"
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Another approach: Born approximation

Lippmann-Schwinger integral equation for a scattering process

— i e — 7 — -
Y(7) = ™" — T p(r) (e s () dr
ezkz|f’—r_}| . o . .
Ys(T) = — . 7“_;\ p(r) (e + 1 (r))d>r" =  Born approximation

P S . P S >

———p(r')e ——#p
e v
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Another approach: Born approximation

zk|r 'r’| oo .
/ p(r )e”’” d>r!
|

7“—7“’]

incident specular (X, Y, 2) 47“"]/ 100
direction direction ~2 r = — dz/ Z, 6’&@2
- o )
: 0 7 _"y_\’\ +o00 2
167
2,7 2
______ __r ’/:’/Do ’T’ QQ dZ/IO(Z/)QZQZ
(XY Z)y” — 00
PO
_______ S 9
b 1672 | [T dp(2') 0.,
R = oL ™ e " dz
<
— OO

Reflectivity related to the Fourier transform of the sld profile!
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Born approximation: simple interface reflectivity

dp(z
sld profile at an interface Z( ) = pd(2)
— 2
00 .
Fourier transform of the profile / pd(2)e'“*dz = pe® = p
— OO

exact result
Born approximation

2 2
167 p o

RBorn — Q4
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Born approximation: single film reflectivity

ps, for z>d
p(z) =< pg, ford<z<0
0, forz<O

1 _ exact calculation
] Born approximation

d 0-15 Au film on Si

E - (Pf N ’08)5(’2) - pfd(z -+ d) 0.01-% d=100A

1E-3 -
1E-4

+00 d | | E
/ P(Z) e’ dy = (Pf — ,03) _ pfede 1E5

P dz 1E-6—é

1E-7 - T T T T T T T 1
0.00 0.05 0.10 0.15 0.20

QA™

B 1672

R= =51 (07 + (pr = p)* = 205 (ps = ps) cos(dQ)
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Single film reflectivity

Au film on Si
d=50A

0.1
0.01
1E-3
1E-4
1E-5
1E-6
1E-7 4 T T T T T T T T T T T T T 1

AQ=0.126A"

0.1 AQ=0.063A" Au film on Si
0.01 -— d=100A
1E-3
1E-4
1E-5
1E-6
wT'e=-r+—45—
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Born approximation: Effects of Roughness

dp _ _p_ -2 /
dz o\ 2T 4

—|—OO 2 .9 2 2
5(2)e'Q*dz = pe™ " 2 R = 167 p e~ Q7
10 T p Q4
— OO
15—
0.1 air/Au(100A)/Si
0.01 no roughness
o=5 A
- =10 A
153 o=15 A
m 1E-4 =20 A
1E-5
1E-6
1E-7
1E-8 4
0.00
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Experimental geometry

first slit second slit

I T sample

Two general types of reflectometers

e single wavelength (angle dispersive)

 time of flight (energy dispersive)
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Experimental Q-resolution

Q_1.,.1 C5Qam) 5Q _ [(oa\® | (66
dm A e )\9 uncertainty Q/47T N 5 - \/(7) i <?>

propagation theory

100§
ad Q 1073 —— SMA=0%
Ryes( E W R —I— —— E Waq, 102 —— SMA=5%
a=—p a=—p . : OA/A=10%
r 0 —— 3W/A=20%
. 2 107
wq = exp(—2(a/p)”)
107 3
107° -

] ! | ! | ! | ! | ! |
0.00 0.05 0.10 0.15 0.20 0.25

QA"
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Experimental Setups and Sample environments

Air

Solvent

(c)

Movable barier

Monolayer

mmmmmwmi

Aqueous subphase
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Typical systems that are studied by neutron reflectometry

grafted polymer
<— chains in the
presence of solvent

—

-=" iy
Quartz et
polymer brushes adsorbed proteins

(B) Phospholipid bilayer

R R R R

Water

@
@ @ @
Chitosan = D y @ g Functional
® N o\ @ group

© = © ® o © @ ) ‘ ) WA . .
Alginate Q@\Om@ Head Hil N Al ——!‘-Ihyedarggrullc
- S ©© © group -—Hydrophobic
on (o 5 e
Chitosan : ) @)@ @@ ® @ g “hyead;)”
Substrate Water
LIFE 8e, Figure 3.20 (Part 2) LIFE: THE SCIENGE OF BIOLOGY, Eighth Eiton © 2007 Sraver Aszocistes, . 300 W M. Fresn A G
polyelectrolyte self assembled
multilayers monolayers biomembranes
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Typical systems that are studied by neutron reflectometry

T l T T l T ] I
LCMO/CRTO,
2.8/1.2],,

|

10" £
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Battery research
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What do we do with acquired data?
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A small “excursion” to the phase problem

0, for z > 2d
2pg, ford>z>2d | —

pa(z)=<p0’ for0>2>d

LO, for 2 < 0
<
Q

r 1-

0, for z > 2d

po, ford>z>2d

pb(2) = <
2pg, for0>2>d .
\0, for z <0 0 ' 1 ' 2 0 ' 1 ' 2

z/d z/d

oo dpa(Z) iQz e iQz
/ ————e"™dz = / (pod(2) + pod(z + d) — 2ppd(z + 2d)) dze'™*dz =

oo dz .
= po(1 + eiQd _ 2ei2Qd)

dz

—00 ~— 00

400 - +00 .
/ 4Pb(2) iz, | @mb(a) - pod(e + ) = pud(e -+ 24)) dze@dz =

= po(2 + eiQd _ eiZQd)

|P0(2 + eiQd . ei2Qd)|2 — |,00(1 + e’iQd _ 262'2Qd)|2 — R = 167T2P(2) [6 . ZCOS(dQ) o 2008(2dQ)]2
= po[6 — 2cos(dQ) — 2 cos(2dQ)] Q*
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Let us get some hands on experience with actual calculations

ANAKLASIS repository E] E]

https://github.com/alexandros- ¢
koutsioumpas/anaklasis G 0,000, ioie 8

Re_sldo, Im_sldo, do, 0o, SOlVo, dSo

Building models... !

Re sid:, Im sld:, d:, 02, solv:, ds:

Re sld:, Im slds:, di, 03, SOlvs, ds
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