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FREIA Science Case  RMSR

In-situ time-resolved reflectometry for soft condensed matter, life science and functional materials

Structure Instrument needed: D\/namics

- Horizontal sample geometry
) T
@ 5

- Flexible collimation
Flip - Flop

- Variable resolution
- Broad simultaneous Q
- No sample movement

Applications
a) compact film artificial defect p) — depOSition, structure and
g@me== phase behavior

- adsorption, self-assembly

controlled release of
c) healing |ons

— — and reactions
* gas/liquid/solid interfaces

self-repair

- response to external stlmull FU nCtIOﬂ

- insitu and in operando P ncident s

- complex sample _ e
environments

External pH-
Driven Release

Substrate

Substrate




FREIA Business Case

Configuration/angle changes to
record full Q-range often take
several minutes for liquids
samples.

Today: record time-resolved data

at one angle with limited Q-range.

At ESS, it will be possible to
measure a reflectivity curve to
R=10"°from D,0 in 1-2s

-> need to change angles/samples
fast

= 10"

Reflectivit

From instrument proposal (TDR moderator)

A|r—D20 4cm X 4cm

- A0/0=4%. WFM OFF

Figaro 1min +
moving 1min.

Iz

FREIA: 1T g
0=4" t=2.8s I I
0=1.1° t=1.9s
0=0.33° t=0.5s

005 01 015 0.2 0.25
Q@A™
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FREIA Business Case

Target monolith Common shielding bunker
_ [ WM k
£ FOC1 !
= i
At ESS, it will be possible to 2 0r
measure a reflectivity curve to §_0_ al MOVABLE
R=106from D,0 in 1-2s. g L o SLITS
T 08t Bandwith” =TT
g . . . Choppel:s . .
0 5 125 20 25
Horizontal position (m)
ESS will allow ms-s measurements over a wide Q-range: Fast shutters: 0.0035 - 0.4A-7in one shot
= Avoid unnecessary movements/configuration changes . » T
= Long-pulse/14Hz ideal for fast kinetics using a broad A band X" """ e
FREIA is optimised for time-resolved/high throughput studies: 5 e N . .

ooooooooooo
0o
ooooooo

= Wide vertical divergence - no movement of sample/detecto PSRN

» Extended simultaneous Q range with fast shutters
= High flux mode: kinetics, thin films (<150A) R L esse 5 oot
FREIA is a flexible instrument for broad science coverage g it for sl samples
= High resolution mode: thicker films, GISANS :
» Flexible collimation for liquids, in situ SE, small samples

Flexible collimation options:

= Polarised beam /PA option for magnetic materials/contrast



EUROPEAN
SPALLATION
SOURCE

Resolution and sample sizes

Low resolution Medium resolution Hijgh resolution
A(>10%) High flux (4-5%) (1%)
Spin-echo
methods
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Atomic structure Layer thickness (nm) 1um=Bulk
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Complementarity

e ESTIA can cover many solid-liquid soft matter experiments,
but the the high-flux mode of ESTIA is not for liquid samples.

e GISANS and liquid-liquid experiments (inverted geometry) are
limited in Q-range and flux on FREIA due to the optimisation
for time-resolved experiments.

* ESTIA has small sample sizes and fixed detector distance — not
ideal for GISANS from soft matter (also not day 1 option).

e ESS should ideally build a third instrument optimised for
GISANS and the inverted geometry.
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Operation modes on FREIA

High-Intensity Specular and Off-specular Reflection 50% of experiments

1.
V.

VI.

High-resolution Specular and Off-Specular Reflection 50%

Fast kinetic measurements (ms-s) with broad Q-range 50%?
Polarized time-of-flight (TOF) neutron reflection 15% but could grow
Inverted Beam Geometry at least 25%

Grazing Incidence SANS 30-40%?
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10.
11.

12.

13.
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High-level requirements

The instrument shall be capable of measuring specular reflection on free liquid surfaces without moving the sample
or detector between Qmin = 0.0035 A-1 and Qmax = 0.44 A-1. Elliptical guide, Detector area, WBC1-2 choppers

The instrument shall be capable of measuring specular reflection from solid samples in the range of Qmin = 0.005
and Qmax = 1A-1 Detector motion range, WBC1-2 choppers

The instrument shall allow the illumination of horizontal sample areas between 1cm(x) x 1cm(l) and 4cm (w) x 8cm
(1).Width of guide, width of detector

The instrument shall be capable of providing a minimum angular resolution of d8 = 0.01°. Detector resolution

The instrument shall have a minimum wavelength band A of 7A without frame-overlap. Length, WBC1-2 choppers
The instrument shall have a maximum wavelength resolution 8A/A = 10.5% fwhm Length, WBC1-2 choppers

The instrument shall have a high resolution option with 6A/A = 1.5% fwhm WFM Choppers

The instrument shall provide essential temperature-controlled sample environments for liquid and solid samples
and mechanisms for changing samples automatically. Sample environments

The instrument shall be able to skip every second source pulse (pulse-skipping) WBC3 chopper
The instrument shall allow fast collimation changes for kinetic experiments Three-slit system and Fast shutters

The instrument shall be able to measure specular reflection from below the sample interface up to Q = 0.2A-1
Inverted beam configuration

The instrument shall be able to polarise the full wavelength band of 7A. S-bender polariser, guide fields, flipper,
electro magnet

The instrument shall provide a GISANS option for horizontal samples that is capable of detecting length scales of up
to 190nm with resolution 6Qy/Qy = 5%. Collimation and detector distance, area and resolution



FREIA LAYOUT TOP VIEW

R6m R11.5m T } _
/ l Gisans slits & Jaw set
! package
R2m
WFM1/2 Foct roc2 13m0
WBC1 1.3m Detector tank
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WS 15665 (65) 2 sample
15.78 22,28
11 discs
Chopper | Position/ m Hz Windows | Radius/ mm | Approximate Description
Beam h/w mm
r———=—1
} } WBC Wavelensth Band ‘r@ Fast shutters WBC1 6.5+0.025 14/7 |1 500 190/40 Double disc
aveleng an
| | definition chopper 21 Need development WFML | 7.527 s6 |7 650 200/40 Co-rotating
| | WFM2 | 7.873 56 |7 650 210/40 blind pair
S T Foc1 | 85 56 |7 650 230/40 Single disk
\ |
[ | WBC2 9+0.025 14/7 1 500 240/40 Double disc
\ |
WFM Wavelength | | FOCfFrameOverlap | Focy | 111 2 |7 650 250/40 Single disk
Frame Multiplication | | chopper
chopper } } WBC3 15.6+0.025 14/7 |1 500 240/50 Double disc
} } FOC3 16 28 7 650 240/50 Single disk




4cm guide width
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3-channel S-bender (4cm) with ROC=70m, 2 x 4.5m, m=5.4/3 — height 19-26cm
2 x out of LOS by 11.5m — Reflectometry is a background-limited technique! Aim to

measure R=1038

Ellipse (b=25cm) with m = 3-6 needed for focusing/vertical divergence.

3.5 Target monolith Common shielding bunker
— WM
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2 S o Focs
8 2
£ Qo 04 MOVABLE
© 8 . SLITS
T Bandwith’~
S N S N SR SR £-08 . | Choppers S =
ol ; : ; ; 0 5 125 20 25
0 2 4 6 8 10 ; P
Wavelength [AA] Horizontal position (m)
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Bandwidth Choppers WBC 1-3

Maximum bandwidth and flux: e.g 2.58 < A < 11.3 A, dA/A = 2.6-12.5% (fwhm)

20 —t

14Hz 2nd frame

2.86 mg

-
9

AWM. fwhm (%)
o

0 5 10 15 20 25
Wavelength A (AA)

3 WBC choppers at 6.5, 10m,15m

counter-rotating, variable opening

14Hz (7Hz), full 2.86ms pulse

min. d = 1Tm (motor clash with guide)

WBC1-2 for selection of band

WBC3 for pulse-skipping and higher
resolution

Resolution suitable for thin films only (<150A):

a) NRW-30Asld4—air.txt b)
A0/0=4%, WFM OFF
10° — —— 16
107"} > o 14
10721 - o o 12
Z10° \ 6=0.33't=062 2 10
% -4 : N 1o 8
2 107F I 2 5 E
&) 10—5 L G 4 / /-
10‘6 i .
1070 ?\ 2
’f 0
i 0001 001 01 05
0001 001 ~ 0.1 05 Q (A
QA 7)

Resolution not sufficient for thicker films, e.g.

polymers, multilayers, a) Aair-Si-15ASi02-300AdPS.txt |

AB/6=4%, WFM OFF

biosensors and GISANS.  ¢° == T i
107 ,
. . 10_2 '.",,’1\“ . ;
Need higher resolution 2z 4= FY, 0=0.33 t=1.25

4

for 50% of reflectometry & '
o 10

science case + GISANS 10

10°




EUROPEAN

= \Navelength Frame Multiplication WFM

Resolution for thicker films (e.g. 300A) — 50%

7-fold WFM withd A / A =1.5% FWHM

b) air-Si-15ASi02-300AdPS.txt  C)

/// / AB/0=4%, WFM ON 3
1001 ; T e=4" 1 t=11mir
— : ‘o J
10_2 Hoo11" lt=0.3mi 2.5
10 . i
2 1072 0=0.33"t=37s S 2
= § 1 [RE S
FOC3 - 13m28Hz 2 107° 315
. 107°
107 !
FOC2| - 1.3m 42Hz 0.001 001 01 05 05
FOCI . I.3m 56Hz Q@
WFM2 .3m 56Hz
WFEMI
And controlling the penetration depth of GISANS
s . ~30%
[ bulk : surface |
a) b) sensitive | sensitive | S
e !
gX 10° gX 10° 10
~ 1.0+ 1
o -
D A i }
© 11—
6 N | _ﬁlo
= N I ! 1=
. e I H e ]
% 4 0.5 | I 10% [ — theoretical
= : o o measured
2 4 1 12
2 [ >0 | %<z s P
%, OO (T U O Y VAN (SN T YN N TN | N T VOO O O T AT
0 0 00 0.2 0.4 0.6 0.8 1.0 1.2
0 20 40 60 80 0 5 10 15 A (nm)
Time-Of-Flight (ms) Wavelength (A)

H. Frielinghaus, et al. Phys. Rev. E, 85, (2012), 041408,
P. Mueller-Buschbaum et al., J. Appl. Cryst. (2014). 47,1228-1237



Collimation — all should work with polarised beam/guide field SOURCE

Interchangeable 2m guide sections (20-22m from source) for :
a) conventional slit collimation with extra slit for small samples (more efficient illumination)
b) deflection mirror for inverted geometry (liquid-liquid interfaces, sample environments) 25%

c) three-slit collimation + fast shutters for kinetics at the ms-s timescales 50%?
a)  Conventional collimation b)  Inverted geometry o) 3-slit collimation

slit for small samples
fast shutters

e.g. collimation chamber on Platypus



Polarisation option for magnetic contrast: Q Soonee

Silicon-bender before first collimation slit: Needed for sample in which solvent

contrast changes are not possible,
e.g. weakly-bound antibodies in
biosensor arrays.

m=3.6 Fe/Si + Gd/Si. For 2.5-11.4 A, a 6¢cm length,150pm Si
e 10cm gap reserved before collimation section

e guide field/spin-flipper 2m before sample | | |
5 / P PP P :’?‘f%‘ L. %“%{; :g?% . ,*‘%5 g%:i Y #ﬁ;}

e 16cm,(h) x 4cm (w) i T.y » : .=
B Wi N e "3\ Ty t¥, Zdomain
el Broad polarised Wy LA W LI

"§ «ne wavelength band RATIRTANY ECSRRENEY ATTRRNNEN: §)

. . Gold
needed for kinetic PNR  s—— gt i
Carbon (lubrication)

L experiments possible

_— .'Feisri—subermiirrer.,i‘.h;n=3:67— —

—— at E SS ki
. H——————»
Si wafer - 200 pm o
b)
/_VW 7
Gabs(Si) / Iron/Nickel Alloy
0.1 || --®--Measured at T=300K / s
// > :; 40 20 0 20
= / 2 puE
8 >
= [} . o /./ Gold Layer
®e >
. o /
/ ~
/ Silicon Oxide
0.01 T T
1 1 0 3 4 5 6 78 FD 1 -250 -200 -150 -100 -50
A ( A) Q@ Distance from Interface (A)

Krist, Th., Peters, J., Shimizu, H.M., Suzuki, J., Oku, T., Physica B 356 (2005), 197-200.



EUROPEAN

s Three-slit collimation and fast shutters (~50%)

@

» Three pairs of adjustable precision slits at 20m and 22m to minimize movement time -
this needs development as conventional solutions are not applicable.

Shutter options possible for kinetics at different timescales:

A) for fast (<10s) kinetics:

from behind:

i . T N —
3 linear shutters + 3-channel — ‘ rom above I-I

13~
|

collimating guide (Option 3)
B) 30s-2min kinetics:

three slits - open/close pre-
positioned slits (Option 2)

C _ 3 stacked slit pairs shutter blade
D) > 2 min kinetics: S

— scan with conventional single \
slit pair (Option 1)

An independent shutter
in front of each slit




Sample area and sample environments C A

Large sample area to house:

* sample stack up to at least 750kg SAMPLE ENVIRONMENTS:
* coarse height-stage + 100mm — smaller a) air-liquid adsorption troughs
stage + 10mm b) Langmuir trough
* translation table 500mm c) set of solid-liquid flow cells
e gas manifold d) set of liquid-liquid cells
e kinematic mounting e) HPLC pump + syringe pump
* laser for aligning solid samples f) water bath
* laser interferometer for aligning liquids g) overflowing cylinder
 shielding to minimize sample background h) electrochemical cells
* liquid handling manifolds (HPLC, baths) From ESS SE pool:
INTEGRATION and COMMISSIONING of a) humidity chamber
sample environments is essential before b) electromagnet

user program can start. ,
c) basic vacuum chamber

. , d) furnace
ALL SE items require some degree of

customisation or need to be designed e) rheometer
in-house. f) potentiostat ( to be shared with ESTIA)



Sample changes

2-10s per sample = 1 minute per 6 air-liquid chambers!!!
Cleaning and reassembling sample cells takes
15-20 min. each time
Need multiple sets of for user program
Large translation table for many samples

Sample preparation area at instrument
Lab for cleaning close by

remote contrast changes (HPLC pump)
remote sample injections for kinetics (syringe

AUTOMATION WILL BE ESSENTIAL TO

MACTH ESS BEAM POWER

NEED to develop robotic changers for

both liquid and solid samples in the long
term.




EUROPEAN

Detector and housing 10 the T

- > measure Q = 1A (11.5°) on solid samples (#2)

The detector height is defined by need to detect reflections 0.25°- 4.1° without moving (#1)
The detector width is defined by horizontal beam divergence (+1.5°) for 4cm wide samples (#3)
GISANS: 1m? area detector at 8 m from sample position in evacuated tank

GISANS detector position and size are determined by the required Q, range (3 x 103-0.25 A1)
Both based on 1°B Multiblade detector developed at ESS (Francesco Piscitelli)

Cylindrical arrangement of blades -> fixed detector distance, radial vertical translation
Resolution reqwrements O 5mm vertically and 2.5mm horlzontally




STAP Priorities:

The scientific priorities for realizing the instrument’s scientific scope are as

follows in order of priority:

|.  High-intensity specular and off-specular reflectivity

-> thin films (>150A) at liquid and solid interfaces with sub-min. kinetics

Il. Sample environment

lll.  High, medium and low resolution options for specular and off-specular
reflectivity due to the wide range of length scales (WFM choppers)

IV. Lateral structures over a range of length scales (GI-SANS)

V. Free liquid/liquid interfaces and rheometry (inverted beam
configuration)

VI. Kinetic measurements over a broad dynamic range requiring the fast
shutter system.

VIl. Magnetic reference layers (polarized neutron reflectivity)

EUROPEAN
SPALLATION
SOURCE
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STAP Priorities:

The scientific priorities for realizing the instrument’s scientific scope are as

follows in order of priority:

I. High-intensity specular and off-specular reflectivity

-> thin films (>150A) at liquid and solid interfaces with sub-min. kinetics

Il. Sample environment

lll. High, medium and low resolution options for specular and off-specular
reflectivity due to the wide range of length scales (WFM choppers)

IV. Lateral structures over a range of length scales (GI-SANS)

V. Free liquid/liquid interfaces and rheometry (inverted beam
configuration)

VI. Kinetic measurements over a broad dynamic range requiring the fast
shutter system.

VIl. Magnetic reference layers (polarized neutron reflectivity)

“The STAP considers the minimum acceptable scope for day 1 in order for the ESS to go ahead
with the FREIA instrument is the first 3 items on the list immediately above. This will allow
conventional specular reflectivity experiments to be carried out for the majority of the science
case.”
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Full sco pe : 072 DETECTOR —

300 x 300 DETECTOR —
(REFLECTOMETRY) VACUUM TANK

R6000 FAST SLITS ASSY

WBC3 FAST SLITS
ASSY

SLITS

WBC1
R 2000 GUIDE

POLARISER

HEAVY SHUTTER GUIDE SELECTOR SAMPLE STACK
GISANS SLIT @ 8m— 3000
GISANS SLIT @ 6.4m —
GISANS SLIT @ 4m —
22280 8000
11 discs
Chopper | Position/ m Hz Windows | Radius/ mm | Approximate Description
Beam h/w mm
STAP report: Full configuration meets WBCI | 65+0.025 |14/7 |1 500 190/40 Double disc
most of Reflectometry science case WFM1 | 7.527 56 |7 650 200/40 Co-rotating
(”85%) at worId-Ieading level WFM2 | 7.873 56 |7 650 210/40 blind pair
~ FOC1 | 8.5 56 |7 650 230/40 Single disk
+ complementary GISANS (d~200nm) to :
. . WBC2 | 9+0.025 14/7 |1 500 240/40 Double disc
what can be achieved on a dedicated o | 111 w7 550 — Single disk
instrument. WBC3 | 15.6+0.025 |14/7 |1 500 240/50 Double disc
FOC3 | 16 28 |7 650 240/50 Single disk




Layout

Option 2 world class: 16.34M€

WBC1

WBC2

BUNKER WALL

FAST SLITS ASSY

300 x 300 DETECTOR —
(REFLECTOMETRY)

03

INSERT

LIGHT SHUTTER

HEAVY SHUTTER —

This configuration meets the minimum
requirements defined by the STAP as
necessary for day 1.

This option will meet most of
Reflectometry science case (75%)

This option is easily upgradable to
polarised NR and the full sample
environment. GISANS upgrade would
involve cave rebuild.

GUIDE SELECTOR —

SLITS

N
N

— SAMPLE STACK

© — CAVE

OPTION 2

VACUUM SNOUT

11 discs
Chopper | Position/ m Hz Windows | Radius/ mm | Approximate Description
Beam h/w mm
WBC1 6.5+£0.025 14/7 |1 500 190/40 Double disc
WFM1 7.527 56 7 650 200/40 Co-rotating
WFM2 | 7.873 56 7 650 210/40 blind pair
FOC1 8.5 56 7 650 230/40 Single disk
WBC2 9+0.025 14/7 |1 500 240/40 Double disc
FOC2 111 42 7 650 250/40 Single disk
WBC3 15.6+0.025 | 14/7 |1 500 240/50 Double disc
FOC3 16 28 7 650 240/50 Single disk




HEAVY SHUTTER

Layout \
Option 1 - cost category A (

SLITS —

— SAMPLE STACK

— HELIUM TUBE

A OPTION 1
=

22280.00

-’
&4

3000

It is not possible to build a functional
instrument within cost category A.

A minimal functional configuration that can
measure reflectivity data would need:
Bandwidth/frame overlap choppers (1354k€)
A sample stack (372k€)

Control hutch (178k€)

This configuration would not satisfy the STAP
priorities for day 1. This option is not
upgradable to Option 2 or 3.

Measurements on liquids surfaces without
moving sample/detector (#1) STAP Priorities
The wavelength resolution (#7)

Sample environment (#8)

Pulse-skipping (#9)

Fast collimation changes for kinetic
experiments (#10)

Specular reflection from below the sample
interface (#11)

Beam polarisation (#12)

GISANS (#13)




Further considerations :zﬁ;zfm

* WFM choppers need development and time for commissioning before user
program — too late to start this after 2019.

* Later installation WFM choppers would lead to a massive disruption to user
program on several instruments

 Sample environments are essential for early science success — only the bare
minimum set is included even in the full scope option 3.

* Development of robotic sample changers using external/operational funding
will be essential for a successful user program that is able to benefit from the
source performance

e Cave rebuild for GISANS is feasible but the upgrade is expensive. Although

dedicated instrument would perform better, need to keep this option on the
table at least until this is decided.
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* Neutron Instrument proposal SAC May 2014 @

Scientific case for Neutron Instrument, scientific relevance,

impact and usage. Conceptual design and a preliminary
costing.

* Tollgate 1 STC October 2014

Proposal accepted into ESS baseline

Phase 0: January 2015 — April 2016 @
Phase 1 May 2016 — 1 July 2017

FREIA is at a very early stage of preliminary design

31
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Grazing angle (deg)

flux (n/s/cm2/A _1)
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Beam properties

TDR moderator — multiply intensities with ~3.5 for updated moderator + S-bend
With chopper gaps

Vertical divergence Wavelength vs divergence . . Full beam footprint
across sample position over 4cm x 4cm 108 H(‘)rlzztont‘al mohltor‘ 4X‘40r‘n? (no slits)
5 VT
]
3 7
B :\i 10
= £
S - o
g 2 10 0
2 >~ Ik
8- E R
0] 0 10
o
S
8 10 5
2 0 1 2 2 6 ~ 10 005115225335445 5 0 5
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6 angles . 3-angles for kinetics , flexibility in angle selection
‘ ‘ 10 T 1 /
’ 0=4" Single frame 2.5-11.4A
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Beam properties

With chopper gaps

Vertical divergence Wavelength vs divergence . . Full beam footprint
across sample position over 4cm x 4cm 108 Hgn%ontal mohltor‘ 4X‘40r‘n? 5 (no slits)
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