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Neutrons interact with nuclei

 |sotopic substitution

W hy ﬂ e UtrO n S  Sensitive to light atoms @

[dentity card

mass
charge

magnetic dipole moment
spin

de Broglie wavelength

Planck constant

Uncharged
« Strongly penetrating

* Non-invasive probe
m=1.675 1077 kg

qg=0

~»Magnetic
Ho = - 1.913 py  Investigating magnetic strucutres microscopically
s="% « Magnetic fluctuations

« Devel new magnetic materials
A=h/mv

h=6.6261034Js Spin
e Polarized beams

 Study of nuclear atomic orientation
» Coherent and incoherent scattering
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E=—-mv?=kgT = =

2 omAZ = om e
Energy classification
1 2 A slow (cold) | 0-0.005 eV
Ek = jmv =25meV = A = ~]1.84 thermal 0.005-0.5 eV
1 «/2Z¢Ek epithermal | 0.5-1000 eV
Ek — —mv2 —MeV = 1= ~ 0.0003 4 mtermediate | 1-100 KeV
2 /ZmEk fast 0.1-10 MeV
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Why neutrons @

Ek:lmv2=25meV:>/1= ~1.84

h

Wavelength similar to distances in condensed matter

Energy similar to many excitations in solids and liquids:
Molecular vibrations
Lattice modes
Atomic dynamics

NOTE: X-rays for same wavelengths have keV energy so not suitable for these excitations




Neutrons' interactions
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Why neutrons

THIS IS KEY!
X-rays neutrons
@
: ’H(D)
® =) 12C

0 x 102 cm 4.0 x 102 cm
total cross coherent scattering length
section (scattering factor)
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Scattering
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Incident beam Exchanged wavevector — momentum transfer
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detector

Scattering

scattered beam

o

dO

Ey
ky
Incident beam ‘ \E‘xchanged wavevector — momentum transfer
6 = k; — k
‘ ki Ei \ —>Q l ¢
' E=hw= E; — Ef Exchanged energy

Jo

do ,
Num of neutrons scattered into d©2 and dE per second
dQdE
Flux
neutrons per cm?
per second

O —

The cross-sect are the measured quantities




detector

Scattering

scattered beam

o

dQ

Incident beam

xchanged wavevector — momentum transfer
= ki — k¢

E=hw= E; — Ef Exchanged energy

sample do .
Num of neutrons scattered into dQ and dE per second
dQdE
Flux
neutrons per cm?
per second

_G j’ Num of neutrons scattered into dQ
7 dQ - deE e per second

O —

do Num of neutrons scattered into 4x
= — | d<Q2
4

The cross-sect are the measured quantities per second




detector

Scattering

scattered beam
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dQ

E
kp L
Incident beam ‘ \E‘xchanged wavevector — momentum transfer
0 = k; — k
‘ ki Ei \ —>Q l ¢
E=hw= E; — Ef

Exchanged energy

C

d?c .
Num of neutrons scattered into dQ and dE per second
dQdE
Flux )
neutrons per cm? diffraction SPectroscopy
= 2
per second do ¥ f do JE. Num of neutrons scattered into dQ
— 1
O e— dQ 4\ dQE, per second
e, (do) 4O Num of neutrons scattered into 4x
tot
The cross-sect are the measured quantities a \ AS2 per second
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Scattering

scattered beam
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Scattering

Incident beam

ki Ei

scattered beam

detector
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\E‘xchanged wavevector — momentum transfer
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Exchanged energy

No change in Energy
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Scattering

scattered beam
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Q-E equation

ky

k;

QZ

= k;> 1+(1 3) 200520 |1-2
= k; E, COS E,

Q is a function of the energy transfer!



Q-E equation

Q (A-1)

2 w
k; 1+(1——>—2c0520
E;

1__
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Q is a function of the energy transfer!
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Q-E equation

Q (A-1)
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Q-E equation |. .. ” -
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Q-E equation - INELASTIC K, =
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Q-E equation - ELASTIC
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Q-E equation - ELASTIC
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Momentum and Energy transfer @

Q| = pfin — Pin = 2mv
ELASTIC - vin = vout
wall wall
mass =m mass = m
-@- ‘=
Ivelocityl = v; Ivelocityl = v;
P =my; P = my;
A. Before collision B. After collision
20 = 180
PR
>
It tells you there is a wall




Momentum and Energy transfer @

Q| = prin — Pin = 2mV
ELASTIC - vin = vout

wall wall
mass = m mass = m
- evi Vi ‘) _
Ivelocityl = v; Ivelocityl = v;
P =my; P = my;

A. Before collision B. After collision

20 = 180

-
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It tells you there is a wall

INELASTIC - vin # vout

wall wall
mass =m mass = m
- v; vout -
= > = -
Ivelocityl = v;
p=my;

A. Before collision Vibrati ng B. After collision

20 = 180

<
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It tells you there is a wall and it is vibrating



INSTRUMENTS

SPECTROSCOPY
WHERE THEY ARE AND HOW THEY MOVE

DIRECT INDIRECT SPIN-ECHO
Fix Ei Fix Ef Spin precession

CSPEC BIFROST

DIFFRACTION
WHERE THEY ARE

DIFFRACTION
DREAM

SANS
LOKI

LSS
REFL
ESTIA




NOTE 2
Intermediate Scattering Function .5 § m €ess
O o
Q1) 8 S
s &
FT (time) FT (space) do _ f( d’o )
dQ <\ dQdE, y
A; E; = 25meV
1.8A
T (space-time) G 10

S(Qw) <

Dynamic Structure Factor

Pair-Correlation Function

S(Q,m) is proportional to the measured intensity 1(6,T)

Q (A-1)

— 4

- Spectroscopy: —_
I(0,T) «c S(Q,0) with Q =1(06,A, 1), ©=w— o

« Diffraction:

10,T) oc 7 S(Q, w)dw = S(Q) with Qg = (47 /A;) sen(6/2)

0 T T T T 1 T T
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

w (eV)

w0 31




NOTE

A detector has to give us
information about the
single neutron (not always!):

spectroscopy

~
9

5| diffraction

{(d;c;jEl) 4
“Where” (diffraction) (1D, 2D) (Q)

“Where and when” (spectroscopy)(Q,E)

Note: ToF is needed in both diffraction and spectroscopy

- Spectroscopy:

[(0,T) c S(Q,0) with Q =1(0, A, Ay), ©=;—

« Diffraction:

0,T) ¢ [7°S(Q,w) = S(Q) with Q= (4n/L)sen(6/2)

32
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Scattering by a SINGLE nucleus




Scattering by a SINGLE nucleus
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Scattering by a SINGLE nucleus

A eikz
x f(6,9)
B /' r
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Scattering by a SINGLE nucleus
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h? 9 o :
—5-V + V()| U =EV Schrodinger

e |
\I’(F—)oo) ~ eikz 4 f(g, qb)e'_ Solution
r

_ ih (_,dVU dl*
J(r,t) = “om (‘I’ dr v dr ) Probability current

do = m™ — =|f(0,0)?d2 = %=If(0,¢)l2
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Scattering by a SINGLE nucleus 1 1=t 2t
SEA E=—-mv°=kgT = hw
2 2mA2  2m mv e A
&
i elkz Thermal neutron cannot change the internal energy of the nucleus
r f
; B R S Scattered Circular Single neutron to single nucleus scattering IS ELASTIC
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S
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N
eikz v o=
3 \ Scattering Center
Incident atr=0
Plane Wave &**
272 vin)| v =Ev Schrodi
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\I’(F—)oo) ~ eikz 4 f(g, qb)e'_ Solution
r

_ ih (_,dVU dl*
J(r,t) = “om (‘I’ dr v dr ) Probability current

hk = If(g, d’)l2 dl = % = |f(0, ¢)|2




Scattering by a SINGLE nucleus

41: ikz
x f(6, «p)—
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- ih (AU dU*
J(rt) = - (‘I’ dr ‘I'df)

Probability current

P2k A i k =
E—Emv _kBT_ZmAZ_Zm_hw my

(U
Thermal neutron cannot change the internal energy of the nucleus

E =25meV — ky=k; =K

Single neutron to single nucleus scattering IS ELASTIC

f(0, ) Means that the scattering depends on the direction! BUT...

ke _ f: p \/mgz(kr)yﬂ(o)
=0

Bessel funct Spherical harmonics

e84
LR

7 - hk1 .
=i, o= —5|f(0,0)] i
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Scattering by a SINGLE nucleus
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Thermal neutron cannot change the internal energy
E =25meV — ky=k; =K

Single neutron to single nucleus scattering IS ELAST

Means that the scattering depends on

f(6,9)

of the nucleus

&

the direction! BUT...

kz _ i il \/mgz(kr))’,o&i)
1=0

Bessel funct

A=18A~10"1n

Nuclear interaction10~1%m

- ih (. dV AU
J(r,t) = —5— (‘I’ 7~ V- ) Probability current
=, L= 50,0
2| f(6,¢))* r*dQ
do = =S| g’“ L SR = | %= |50,0)

Spherical harmonics

e84
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Scattering by a SINGLE nucleus

41: ikz
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Thermal neutron cannot change the internal energy of the nucleus

E =25meV — ky=k; =K

Single neutron to single nucleus scattering IS ELAST

f(6,9)
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kz _ i il \/mgz(kr))’,o&i)
1=0

Bessel funct
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Means that the scattering depends on the direction! BUT...

Spherical harmonics

A=18A~10"1n

Nuclear interaction10~1%m

veet

Expansion only first term S=0 (spherical wave)
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- ih (_,d¥ _dTU* Y—o = cost
J(r,t) = “om (‘I’ dr - dr ) Probability current , ,
spherical symmetric no dependence on angles
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Scattering by a SINGLE nucleus
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Thermal neutron cannot change the internal energy of the nucleus
E =25meV — ky=k; =K

Single neutron to single nucleus scattering IS ELASTIC

f(0, ) Means that the scattering depends on the direction! BUT...
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Scattering by a SINGLE nucleus  Fermi pseudo-potential
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Scattering by a SINGLE nucleus
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Scattering by a SINGLE nucleus  Fermi pseudo-potential

14 ik h )
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Scattering by a SINGLE nucleus

@
b is independent from the neutron Energy A
b is in general a complex quantity p = b’ — ib" Otor = Art|b|? Ogps = TIm{b}
1

b depends on the neutron-nucleus system spin state (combined spin [ —— or [ +—= ),

2 2




Scattering by a SINGLE nucleus

@
b is independent from the neutron Energy A
b is in general a complex quantity p = b’ — ib" Otor = Art|b|? Ogps = TIm{b}
1

b depends on the neutron-nucleus system spin state (combined spin [ —— or [ +—= ),

2 2
i ~___— Combined spin = 0 b =-47.50 fm
+

\

Combined spin=1 b = 10.85 fm
Neutron Proton ("H)

spinS =1/2 spinl =1/2




Scattering by a SINGLE nucleus

b is independent from the neutron Energy

41
b isin general a complex quantity p = p’ — ib"’ Oror = 47|b|? Oabs = 71m{b}
1
b depends on the neutron-nucleus system spin state (combined spin [ — E or [ + E ),
+ ~___— Combined spin = 0 b =-47.50 fm
+
\ Combined spin =1 b = 10.85 fm
Neutron Proton ('H)
spinS =1/2 spinl =1/2
Combined spin=1/2 b = 0.98 fm
+ ‘ P p
Neutron b 2H) Comblned spin =3/2 b =953 fm
spinS =1/2 spinl =1
+ + ' ——» Combined spin = 1/2 b =3.26 fm Only one value for b!!!
Neutron alpha
spin S = 1/2 (“He)

Coherent and Incoherent scattering has a meaning only when we consider a group of nuclei not a single nucleus

spinl =0



Scattering by a SINGLE nucleus

b is independent from the neutron Energy

41
b is in general a complex quantity p = b’ — ib" Oror = 47|b|? Oabs = TIm{b}
1
b depends on the neutron-nucleus system spin state (combined spin [ — E or [ + E ),
+ ~___——» Combined spin = 0 b =-47.50 fm
+
\ Combined spin =1 b = 10.85 fm
Neutron Proton ('H)
spinS =1/2 spinl =1/2
Combined spin=1/2 b = 0.98 fm
+ ‘ P p
Neutron b 2H) Comblned spin =3/2 b =953 fm
spinS =1/2 spinl =1
+ + ' ——» Combined spin = 1/2 b =3.26 fm Only one value for b!!!
Neutron alpha
spin S = 1/2 (“He)

Coherent and Incoherent scattering has a meaning only when we consider a group of nuclei not a single nucleus

spinl =0



Scattering by a MANY nucle

NOTE: we do the math for no exchange of energy



Scatterinq bv 3 MANY HUC|ei Even from the same type ||| Very simplified math! Just enough to understand the principle.
_bi

Spherical wave out @
kl
* ko O
ikoR; _ eikoRi [—eik’(r_Ri)]
N ' ‘ Yscatt= 2 Ir — Ril
Neutron ‘ '\
spin S = 1/2 R; ' Many nuclei so now this is a sum !




Scatterinq bv 3 MANY HUC|ei Even from the same type ||| Very simplified math! Just enough to understand the principle.
b

Spherical wave out @
kl
* ko O
ikoR; ikoRi | ___ "L iki(r—R;)
\i' ‘ lpscatt=2€ l[lr_Rl'le ]
Neutron ‘ '\
spin S = 1/2 R; ' Many nuclei so now this is a sum !

Assumingr >> R,
9 : Momentum transfer

do . _ -
-« |2 = z bibyei ko kD(Ri=R)) — z bibje~1@(RiF) Q=k —k,
Lj i,j

Note: N = number of atoms in scattering system




Scatterinq bv a MANY nuclei Even from the same type ||| Very simplified math! Just enough to understand the principle.
_bi

Spherical wave out @
kl
* ko O
ikoR; _ eikoRi [—eik’(r_Ri)]
N ' ‘ Yscatt= 2 Ir — Ril
Neutron ‘ '\
spin S = 1/2 R; ' Many nuclei so now this is a sum !

Assuming r>> R; Momentum transfer

do (koKD (Ri—R _io(Ri—R: = k' —
0 1|2 = zbibjel(ko kN(Ri=Rj) — zbibje iQ(R;~Rj) Q= k' —ky
2 b Note: N = number of atoms in scattering system
= Z bibje_iQ(Ri_Rj) + Z bibje—iQ(Ri—Rj) — = ((bz) _ <b>2) N + <b>2 2 e—iQ(Rl-—Rj)
i=j

‘ L#]j i#j

- z bibie—iQ(Ri_Ri)
i=j

= z bibieo = Z bibil
i=j i=j




Scatterinq bv 3 MANY nuclei Even from the same type ||| Very simplified math! Just enough to understand the principle.

Spherical wave out @
kl
ko O
Nﬁ
Neutron ‘ ' \
spin S = 1/2 R; ' Many nuclei so now this is a sum !

: —b; :
ikoRj l ikr(r—R;)
‘ ‘/’Sw“=ze l [Ir—Rile l ]
Assuming r >> R;

Momentum transfer

do . _ -
d_.Q X h/)lz — z bibjel(ko—kl)(Ri—Rj) — z bibje—lQ(Ri—Rj) Q= k' — kO
i;j —

Note: N = number of atoms in scattering system

Z bibye ™ 2(R) 45 ylyeTOURR) = oo = (B2) = (b)) N + (b)) e@(RiR)
i#j \ v J \ 1#] J
Incoherent Scattering Coherent Scattermg
Uniform in all directjetrs Depends on the direstion of Q
o; = 4m((b?) — (b)?) o. = 4m(b)’
4
Otor = O¢ + 0y = 4m|b|? Oabs = _T[Im{b}



Scattering by a MANY nuclei Even from the same J[ype [ Wery simplified math! Just enough to understand the princip

Spherical wave out

¢ © © " O o

Neutron
spin S = 1/2 ‘ R.

Z bibye 2R 4 ybye QR = oo = (b2) = (b)) N + (b)) e @(RR)
i#j \ v J \ 1#] J
Incoherent Scattering Coherent Scattermg
Uniform in all directjetrs Depends on the direstion of Q

a; = 4n({b*) — (b)?) o. = 4m(b)*

Otor = O¢ + 0y = 4m|b|? Oaps = = Im{b}



Scattering by a MANY nuclei Even from the same J[ype [ Wery simplified math! Just enough to understand the princip

Spherical wave out

ék(, O O ‘
\.

Neutron —
spin S =1/2 ‘ D,

do :
Z e (b2) = () N+ ()2 ) emio(Rior)
d() -
\ T J [ L] Y J
Incoherent Scattering Coherent Scattering
Uniform in all directions Depends on the direction of Q
o; = 4n((b*) — (b)*) = 4n|b;|* o, = 4m(b)* = 4m|b.|*
A
Orot = O + 0; = 41|b|? Oabs = 71"1{19}
+ + ' ——» Combined spin = 1/2 b =3.26 fm Only one value for b!!!
Neutron alpha
spin S = 1/2 (“He)

csninl =0



Scattering by a MANY nucle

Spherical wave out @
é R O < 0 O &
NR' o — - ® O _|_ O
r @ @
b o] b ~0

Neutron
spinS =1/2 ‘ B,

do .

e 2\ _ (})2 2 —iQ(R;—Rj)

0% (0D — D) N+ (b)) emielrh Py el

\ Y J " l-'/—'] . 1 i-‘/—']
Incoherent Scattering Coherent Scattering T
Uniform in all directions Depends on the direction of Q I So this term can do whatev
L 2\ _ [1\2) — 12 _ 2 _ 2 sma
0; = 4m((b%) — (D)%) = 4m|bi| 0c = 4m(b)” = 4m|b| - but it counts little
Orot = O + 0; = 41|b|? Oabs = 71"1{19} b
€
v 23 —0.3824(12)

50 6(+) 0.250 7.6(6)
51 712(-) 99.750 —0.402(2) 6.35(4)

VANADIUM



o
—
d}

((b2) — (b)) N + (b)? z o—iQ(Ri~R;)

\

J

Incoherent Scattering
Uniform in all directions

o; = 4n({b?) — (b)?) = 4m|b;|

Coherent Scattering
Depends on the direction of Q

o, = 4m(b)? = 4m|b,|?

4
O = O + 0; = 41|b|? Oabs = 71"1{[9}
Sears
Z A I(m) ¢ b, b, o, o, o, c,
Ho1 ~3.7390(11) 1.7568(10) 82.02(6) 0.3326(7)
1 12(+)  99.985 -3.7408(11))  25.274(9) 1.7583(10)  80.27(6) 82.03(6) 0.3326(7)
2 1(+) 0.015 8.671(4) 4.04(3) 5.592(7) 2.05(3) 7.64(3) 0.000519(7)
3 12(+)  (1232a)  4792(27)  -1.04(17) 2.89(3) 0.14(4) 3.03(5) 0
He 2 3.26(3) 1.34(2) 0 1.342) 0.00747(1)
3 1/2(+) 0.00014  5.74(7) ~2.5(6) 4.42(10) 1.6(4) 6.0(4) 5333.(7)
-1.483(2)i +2.568(3)i
| 4 0(+) 99.99986  3.26(3) 0 1.34(2) 0 1.34(2) 0
L 3 -1.90(2) 0.454(10)  0.92(3) 1.37(3) 70.5(3)
6 1(+) 75 2.00(11) -1.89(10) 0.51(5) 0.46(5) 0.97(7) 940.(4)
-0.261(1)i +0.26(1)i
7 32 925 -2.22(2) ~2.49(5) 0.619(11)  0.78(3) 1.40(3) 0.0454(3)
Be 4 9 32(-) 100 7.79(1) 0.12(3) 7.63(2) 0.0018(9) 7.83(2) 0.0076(8)
B § 5.30(4) 3.54(5) 1.70(12) 5.24(11) 767.(8)
-0.213(2)i
10 3(+) 20.0 -0.1(3) -47(3) 0.144(8) 3.0(4) 3.1(4) 3835.(9.)
~1.066(3)i +1.231(3)i
11 32-) 800 6.65(4) -1.3(2) 5.56(7) 0.21(7) 5.77(10) 0.0055(33)



do

Equivalently 7 % (B%) = (D)) N + (b)* z e~ Q(Ri=R;)
instead of b, ‘ ' o= )
Incoherent Scattering Coherent Scattermg
1 bined I Uniform in all directions Depends on the direction of Q
f+3 combine Sp"i/ 2 0 = 4n((b?) = (b)) = dnlbi|* o = 4n(b) = amlbcl?
[
\ I Oror = Op + 07 = 4m|b|? Oabs = 71"1{19}
“2+1 9T o+1
____—— Combined spin=0 b =-47.50 fm
b.=g.,b, +g_b_ + —
Combinedspin=1 p = 10.85 fm
2 :
b;” = g,g-(by — b_)? Neutron Proton ('H)
spinS =1/2 spinl=1/2
3 1
b, =-108 ——-474 = -3.7fm
ILL blue book g+=3/4 g-=1/4 4 4
ZSymbA porTy 1 be by b. ¢ Ocoh  Ginc  Oscatt  Gabs 1
0-N-1 103MIN 12 -37.0(6) 0 -37.0(6) 43.0102) 43.012) 0 bi = ——(]_().8 + 47.4)2 = 252 fm
1-H -3.7409(11) 1.7568(10)  80.26(6)  82.02(6) 0.3326(7) 44
1-H-1 99.985 1/2 -3.7423(12) 10.817(5) -47.420(14) |+/- 1.7583(10)  80.27(6) 82.03(6) 0.3326(7)
Z A I(m) ¢ b, b, o, o, o, c,
H o1 ~3.7390(11) 1.7568(10)  80.26(6) 82.02(6) 0.3326(7)
1 12(+)  99.985 -3.7406(11)  25.274(9) 1.7583(10)  80.27(6) 82.03(6) 0.3326(7)
Sears 2 o) 0015 66713) 40409  559(7) 2.05(3) 7.64(3) 0.000519(7)
3 12(+)  (1232a) 4792(27)  -1.04(17) 2.89(3) 0.14(4) 3.03(5) 0




ILL blue book

ZSymbA  por Ty 1 be b b. ¢ Ocoh Oinc Gscatt Gabs
0-N-1 103MIN 12 -37.06) 0 -37.0(6) 43.012) 43.012) 0 A
1-H -3.7409(11) 1.756810)  80.26(6)  82.02(6)  0.3326(7) %
1-H-1 99.985 12 -37423(12)  10817(5) -47.420(14) +/-  1.7583(10) 8027(6)  82.03(6)  0.3326(7)
1-H-2 0.0149 1 66746)  9533)  0.975(60) 5.5027)  2053)  7.64(3)  0.000519(7)
1-H-3 1226Y 12 479227) 41815  6.56(37) 2893) 0144 3.03(5) < 6.0E-6
2-He 3.26(3) 1.342) 0 1342)  0.00747(1)
2-He-3 0.00013 12 5747 4374(70) 9835(77) B 442(10)  1.532Q20)  6.0(4)  5333.0(7.0)
2-He-4 099987 0 32603 1.34(2) 0 1.34(2) o | Sears
3-Li -1.90(3) 0.454(10)  0.923)  1.37(3) 70.5(3)
3.Lis6 75 L 200)  067(4)  46707) - 0515)  046(5)  09T)  940.0(4.0) Z4A M ¢ 2 5 % K % %

1 ~3.7390(11) 1.7568(10)  80.26(6) 82.02(6) 0.3326(7)
317 925 32 22202)  4156) 1008)  +- 0619(11)  0.78(3)  1.40(3) 0.04354(3) 1 12(+) 99985  -37408(11)  25.274(9) 1.7583(10)  80.27(6) 82.03(6) 0.3326(7)

2 1) 0.015 6.671(4) 4.04(3) 5592(7)  205(3) 7.64(3) 0.000519(7)

4-Be-9 100 3z 1.9 7.63(2)  0.0018(9)  7.63(2) 0.0076(8) 3 12+)  (1232a) 4.792(27) -1.04(17) 2.89(3) 0.14(4) 3.03(5) 0
5B 5.30(4) 3545 170(12)  524(11)  767.0(8.0) ) 32603 134@) 0 1342) 0.00747()
5-B-10 19.4 3 -0.2(4) 42(4) 5.2(4) 0.1446)  3.0(4) 3.1(4) 3835.0(9.0) 8 122(+) 000014 S747) 256 - 442010 1.6(4) 6.0(4) 5333.7)
5-B-11 80.2 32 6.65(4) 5.6(3) 8.3(3) 556(7)  021(7)  577(10)  0.0055(33) [ 4 o 99.99986  3.26(3) 0 1.34(2) 0 1.34(2) o |
6-C 6.6484(13) 55512)  0.001(4)  5551(3)  0.00350(7) 3 -1.90(2) 0.454(10)  0.92(3) 137(3) 70.5(3)
6-C-12 98.89 0 6.6535(14) 5.550(3) 0 55503)  0.00353(T) 8w " -3:22(11(& :;:g:g;? o3 0469 osrn Ko
6-C-13 1.11 1/2 6.19(9) 5.6(5) 6.2(5) +- 4.81(14)  0.034(11)  4.84(14) 0.00137(4) 7 ¥20) 928 -2222) ~2493) 0619(11) 0.78(3) 1:4009) 0.0454(3)
. 9.3602) 1015) 05002  1.8111) 1.900) 4 9 3 100 7.79(1) 0.12(3) 7.63(2) 0.0018(9) 7.63(2) 0.0076(8)
7-N-14 99.635 1 9.37(2) 10.7(2) 6.2(3) 11.03(5)  0.50(12)  11.53(11) 1.91(3) 5 5.30(4) 3.54(5) 1.70(12) 5.24(11) 767.(8)
7N-15 0.365 12 644(3)  677010)  621(10) 521(5)  0.00005(10)  521(5)  0.000024(8) 10 3 200 31?233)( o -47(3) 01448  30() 3.1(4) 3835.(9)
8-0 5.805(4) 4.2326)  0.0008)  4.232(6) 0.00019(2) 1 3/2(-) 80.0 .;:3563)3)1 »:::g?;)(s): 5.56(7) 0.21(7) 5.77(10) 0.0055(33)
8-0-16 99.75 0 5.805(5) 4.232(6) 0 42326)  0.00010(2)
8-0-17 0.039 52 5605 5.5220)  5.17(0) 420Q2)  0.0043) 420022 0.236(10)
8-0-18 0.208 0 5.84(7) 4.29(10) 0 429(10)  0.00016(1)
9-F-19 100 12 5.654(12) S5.632(10) 5.767(10)  +-  4.017(14)  0.00082)  4.018(14)  0.0096(5)
10-Ne 4.566(6) 2620(7)  0.0089)  2.628(6) 0.039(4)
10-Ne-20 90.5 0 4.631(6) 2.695(7) 0 2.695(7) 0.036(4)
10-Ne-21 027 32 6.66(19) 5.6(3) 0.05(2) 5.703) 0.67(11)

10-Ne-22 9.2 0 3.87(1) 1.88(1) 0 1.88(1) 0.046(6)




Scattering by a MANY nuclei: NOTE

0 e ()~ (BN + (b)Y eo(RiH)

| ) [ i'_'tj

1 T
Incoherent Scattering Coherent Scattering

b, b,



Scattering by a MANY nuclei: NOTE Z_;OC (b2) — DY) N+ (b2 Y e~(@reR)
\ ' ) , @
Incoherent Scattering Coherent Scattering &
¢ One isotope, 1=0 b| bC

\, '(vb:b+:b_=bc .
. (Helium-4) X +
L ) )

‘.. Only one spin-spin

. Interaction possible




Scattering by a MANY nuclei: NOTE

Helium-4)

One isotope, 1=0
é\,‘%b;b—bc
(
e

b,#b.
(Deuterium)

One isoto&o;, |0
b5

0 e ()~ (BN + (b)Y eo(RiH)

. ' A=y , @
Incoherent Scattering Coherent Scattering
b b.

‘ ‘ Only one spin-spin
+
““ Interaction possible

“.‘ Average over
spin states

0.0
‘COQ +

Spin incoh




Scattering by a MANY nuclei: NOTE

Helium-4)

One isotope, 1=0
é\,‘%b;b—bc
(
e

(Deuterium)

bR

One atom, 1£0

b,#b.
\Q‘%m eachfype of H
‘ ‘ (Hydrogen

H, 2H and 3H)

0 e ()~ (BN + (b)Y eo(RiH)

| ) [ i'_'tj

. -
Incoheren‘: Scattering Coherentl Scattering @
bi bc
+ ‘ ‘ Only one spin-spin
““ Interaction possible
O ‘O @
@0

Spin incoh

O O O O Average over

spin states and different
““ + OOOO isotopes with different b

Spin +isotope incoh

‘ Average over
‘ + “‘ spin states




Scattering by a MANY nuclei: NOTE Z_;OC (b2) — DY) N+ (b2 Y e~(@reR) —
\ J \ 1#] J
Incoherent Scattering Coheren’l:l Scattering @
¢ One isotope, 1=0 b| bC

\,‘%br:b-zk))c X + ““ Only one spin-spin
‘ ‘ elium- ‘ ‘ interaction possible

(Deuterium) ‘ O

Spin incoh

One isotope, |20 Q O ‘ ‘ rver
ge over
#\()@Q b.#b. — ‘ ‘ + “ ‘ spin states
o0

Average over
o atOij P b.#b. o Q.CD‘ + Q@% spin states and different
\Q‘(:‘or each type of H - . . Q O isotopes with different b
' ‘ 1,$§'Hdr§r?§2H) Spin +isotope incoh

Average over
““ + ““ spin states and different

‘ ‘ iIsotopes with different b

- . of different atoms
Spin +isotope (atom) incoh

Two atoms
b,.#b.

‘ For each isotope and atom

‘ ‘ (Hydrogen+Oxigen)




Scattering by a MANY nuclei: NOTE 49 (<b2>_<b>2)N+<b>zze_iQ(Ri_Rj)
d() :
POLARIZED beam and sample = ' @

(bo’[h need to bel I I) Incoherent Scattering Coherent Scattering

One isotope, |=0 b| bC
[ ] ‘(vb ~b.=b, ® .. e
- X Jetns: X + Only onesin spin

é One isotope, 120 O O Average over
\Q@O b, X + OO O spin states only b+

(Deuterium) O

These now are different averages!

Average over
e atocm>|¢o b. #b. — O.CD‘ + OO% spir-statesand-different
\Q+(:‘or each type of H - ‘ ‘ O O isotopes with different b+
1|_(|H31Hdr§r?;2|_|) Spr-+isotope incoh

Average over
‘ ‘ ‘ spir-statesand-different

b,#b + Isotopes with
For each |sot;§pe and atom ““ ‘.“ different b+

(Hydrogen+Oxigen) Spin +isotope (atom) incoh of different atoms

Two atoms

\Qr




-
GENERALIZATION

NOTE: we did the math for no exchange of energy

This is the math with energy exchange ...




Fermi's golden rule detector

scattered bea @

Energy of sample before interaction

dO

|
\E ~ sample ks

Incident beam Exchanged wavevector — momentum transfer

0= ki~ ks

E=hw=E; — E; Exchanged energy
Energy of incoming n ' ' r=Ri—Rj Positions of scattering centres

Fermi’s golden rule: the cross-section represents all the processes in whlck@e tate of the scattering system changes from A to B

Y
A B Conservation of eneQmethes:

E, + Eq- Ef\?S(; —> [ 5(E; + Ey; — Ef + Ey;) dE =1

N
d?o _kf 1 Zblbj &}%r B|eLHt/h lQT‘ LHt/h|A>e—ia)t/hdt

dOdE op  k; 2mh :
]

Sum over all possible A and B

dZO' kf 1 +oo = = . dzO' kf 1 oo L= - L= .

— ) —iQ-7(0)|,iQ-T(t)\ ,—iwt — L b b_j —-iQ-r(0)|,iQ-7T(t) —lwt ¢

dQdE ~ k; Znhzblb] j_oo C & JeTretds dQdE ~ k; ZnhZ PRl (e e e
i j




-

—— ) —iQ-rl(0) | ,iQ-Trj(t)\ ,—iwt
d0dE K, ZnhZ biby j_oo (e et ) etetde
J

2 k 0o 0o
d‘;;E klehzl iy blb f"‘ ( —iQ- Tl(0)|elQ r](t)> —iwt J¢ 4 __Zl ; blb f"‘ ( —iQ- Tl(0)|elQ r](t)> —lwt Jp —
s Add and subtract the |—J term

= 2 D (D)7 [ (e OO l@TIO) emit e + k%hzl JUD2) = (b)?) [Z (70Tl 0TI0) et qe =
Coherent Scattering (_)\, Incoherent Scattering
Depends on the direction of Q Uniform in all directions

= 41(b)? = 4m|b,|? \2\<<’ o; = 4n({b?) — (b)?) = 4m|b;|*
O

(e-i0710) ié@éi)\ > .
Y € € O - (e=1QTUO) i@ TI(®))
=
Same nucleus at different times,

and correlation of different nuclei at different times
-> interference

Correlation of Same nucleus at different times
-> NO interference



o

d?o k 1 +00; A i o . k 1 0, A i o .
= k_]icz_,mzl:tjblbj f_oo (e iQ rl(O)lelQ r](t)> ettt 4+ k_JZElejblbj f_"‘oo (e iQ rl(O)lelQ r](t)> o0t Jt =
kf 1 0/ _ip.7l 071 i k ©/ _id.7l 071 i
=?j£ﬁzl¢j<b>2 f_"‘oo (e iQ rl(0)|elQ TJ(t)>e iot J¢ 4 k_fﬁzhj((bZ) _ (b)z) f_‘"oo (e iQ rl(0)|elQ Tj(t))e iwt Jp —
diff
x 2
E - f do dE Squires chapt 2
dQ “\dQdE,}
do \§)
O, =||—| d2 ('D
4n dQ 0
X
0 e (B?) — () N+ (b)? . emi@kiR) NG
dQ \$

=y \5$<<



Fermi's golden rule detector

scattered bea @
sample ks dQ

Incident beam Exchanged wavevector — momentum transfer

‘ \0 Q= ki — kf
k; E —»
‘ f E=hw=E; — E; Exchanged energy
@ O
Esi

Energy of incoming n Esf

Pl

Energy of sample before interaction

Conservation of energy implies: (_)\/
E; + Egi- Ep- Eq;=0 —=>[ §(E; + Ey; — Ef + Egf) dE =1 %Q

2, N
dcsildE \5§<




wave out @

kl

‘ Yscate= 2 etkoRi l%eik’(r_m)
r— K

Momentum transfer Exchange in energy

d . . o
i < |P|? = z bibjel(ko—k’)(Ri_Rj) — Zbibje—lQ(Ri—Rj) O<(, Q= k' -k, E=hw= E; — E




CONTRAST
MATCHING



Contrast Matching @

[sotopic substitution — Reflectometry example

x-rays neutrons

@
’H(D) \

ZSymbA  porTyp Ocoh Oinc  Oscatt

0-N-1 10.3 MIN 1/2\ \-37.0(6) 0 -37.0(6) 43.01(2) 43.01(2) 0
I-H -3.\@09(1 1 1.7568(10)  80.26(6)  82.02(6) 0.3326(7)
1-H-1 99.985 12 -3.7i§3(12) 10.817(5) -47.420(14) +/-  1.7583(10) 8027(6)  82.03(6) 0.3326(7)

1-H-2 0.0149 1 6.674(6) | 9.533)  0.975(60) 5.592(7)  2.05(3) 7.64(3)  0.000519(7)




Isotopic substitution — Reflectometry example

Phospholipids

Hydrophilic head

Hydrophobic tails

Globular proten
.
Glyfol‘.pid
) rotein
Carbohydrate chan lec‘op 00
'Y
'y
)
.
Integral
protein  toansport
L
protein Hydrophobic alpha helix

proten

» Peripheral pratein
v
Cholesterol

-



[sotopic substitution — Reflectometry example @

Phospholipids

Hydrophilic head Hydrophobic tails

~C-H Fatty acid side chains
R
Phosphate H-C-0-C-CH,— CH,-CH;- CHy
1
H - (lZ ~0-C-CH,;  CH, - CH, - CH,

H PHOSPHOLIPID




[sotopic substitution — Reflectometry example @

<D YN b, Coherent scattering length of ith atom

v Molecul I
- olecular volume phospholipids

Contrast and matchpoints of various 'H biopolymers in
different volume fractions of D,0:H,0

membrane

Matchpoints: Ap =0
Intensity signal ‘lost’ from scattering profile

&,
>

E N Side view
S Stuff with their SLD

-2 4

L Top view

/D0 (v/v)



[sotopic substitution — Reflectometry example @

<D YN b, Coherent scattering length of ith atom

v Molecul I
- olecular volume phospholipids

Contrast and matchpoints of various 'H biopolymers in
different volume fractions of D,0:H,0

membrane

Matchpoints: Ap =0
Intensity signal ‘lost’ from scattering profile

&,
>

% N Side view
5 Stuff with their SLD, but some heads deuterated

-2 4

% Top view

/D0 (v/v)




[sotopic substitution — Reflectometry example @

SLD >N . b Coherent scattering length of ith atom

/4% Molecular volume Protein _
phospholipids

Contrast and matchpoints of various 'H biopolymers in
different volume fractions of D,0:H,0

23 emon
£ g

Matchpoints: Ap =0
Intensity signal ‘lost’ from scattering profile

Side view

Stuff with their SLD, but water matching proteins

Ap (contrast) (10" cm?)
o

Top view

ﬂ);() (v/v)




[sotopic substitution — Reflectometry example @

<D YN b, Coherent scattering length of ith atom

v Molecul I
- olecular volume phospholipids

Contrast and matchpoints of various 'H biopolymers in
different volume fractions of D,0:H,0

membrane

Matchpoints: Ap =0
Intensity signal ‘lost’ from scattering profile

e
g’

E N Side view
%o
g Stuff with their SLD, but water matching heads

.2 -

G Top view

/D0 (v/v)



[sotopic substitution — Reflectometry example @

SLD >N . b, Coherent scattering length of ith atom

V Molecul I
n olecular volume phospholipids

membrane
Lo x-rays neutrons "
e
) AN
g \\ 8% di D20 in H20 = non refletive water
%2 .
T 00000000
1 \\.)LD =0 ".‘ ‘.‘
0 \\v ““ ..‘ Top view
N ““‘.“ Water
o0 o Ol-l420/D20 ratie o8 Ho H20

H20 / H20




full contrast PEG match point
silica+ PEG in D,O silica+= PEG in 15% D,0

.‘%




SANS data

]

I(a) [A.U]

(0]

I(q) [A.U.]

T

I(q) [A.U]

P(r) [AU.]

o Domains-L,, 93.5% D,0, 20 C
« Domains-L,, 93.5% D0, 40 C
o Domains-L,. 64.5% D,0,20C

—o— Domains, 100% D,0, 20C

r[A]

Y

e L Nanodomains (20°C)

= = = Model POF 6.8 nm radius disc

= = = Model POF 60 nm diam. vesicle

= = = Model POF 3.2 nm bilayer thickness
3 Component Fit




