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Background (Why Should | Care?)

« Applicable to wide range of science areas

— Biology - dynamic transition in proteins, hydration water
— Chemistry — complex fluids, ionic liquids, porous media, surface

Interactions, water at interfaces, clays

— Materials science - hydrogen storage, fuel cells, polymers

* Probes true “diffusive” motions

* Range of analytic function models

— Useful for systematic comparisons

* Close ties to theory — particularly
Molecular Dynamics simulations

« Complementary

— Light spectroscopy, NMR, dielectric
relaxation
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Quasi-Elastic Neutron
Scattering

* Neutron exchanges small amount of energy
with atoms in the sample
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Neutrons, QENS, and the Large
Incoherent Cross-section of H

X-ray cross section
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Ncutrﬂn cross secfion

Isotopic sensitivity — random nuclear cross-section with element and isotope
H-D contrast, light element sensitivity in presence of heavy elements
H large incoherent cross-section — self-correlation function

Magnetic moment
Wavelength and energy match excitations in condensed matter (Geometry

and time): Where are the atoms and how do they move?

neutrons L ~ A; E ~ meV; spectroscopy — no selection rules
X-rays L ~A; E~keV
light L~1000 A; E ~ eV

* Small absorption cross section — can penetrate sample cells






A Neutron Experiment

incident neutron

Measure scattered
neutrons as a function of
Q and o — S(Q, w).

o =0 —>elastic
o # 0 —>inelastic

o nhear 0 —>quasielastic

scattered neutron detector
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QENS Spectra

elastic

quasielastic

Intensity (counts/peV)

inelastic

<0 0 o>0

Energy transfer (o (neV))






Incoherent Intermediate Scattering
Function and S(Q,w)

* Intermediate Scattering Function
— time dependent correlation function
— Incoherent scattering —> no pair correlations, self-correlation function
— calculable from atomic coordinates in a Molecular Dynamics Simulation

1
[z'nc (Q1 t) — N Z <exp{lQ ¢ Ri (t)}exp{_ ZQ ¢ Ri (O)}>
Si.(Q,w) — the Fourier transform of [, .(Q,1)

o0

Sirc(@0)= 5 [ine(@0))expl-ion)a





QENS and Molecular Dynamics
Simulations

« Same atomic coordinates used in classical MD are all that i1s needed
to calculate |, .(Q,t)

1,3 diphenylpropane
tethered to the pore
surface of MCM-41






The Elastic Incoherent Structure Factor
(EISF)

* A particle (H-atom) moves out of
volume defined by 2x/Q in a time
shorter than set by the reciprocal of
the instrument sensitivity, do(meV)
— gives rise to quasielastic
broadening.

* The EISF is essentially the
probability that a particle can be
found in the same volume of space
at some subsequent time.

 The ratio of the Elastic Intensity to
the total Intensity






QENS and Neutron Scattering
Instruments

* Probe Diffusive Motions
— Length scales setby Q, 0.1 A1<Q<3.7AL 60A>d>1.7A.

— Time scales set by the width of instrument energy resolution, typically at least 0.1 meV (fwhm)

but higher resolution -> longer times/slower motion

 Energy transfers ~ £ 2 meV (or less)

— High resolution requirements emphasizes use of cold neutrons (but long A limits Q)

Incident neutron wavelengths typically 4 A to 12 A (5.1 meV to 0.6 meV)

« Why a variety of instruments? (Resolutions vary from 1 peV to100 peV)

Terms in the resolution add in quadrature — typically primary spectrometer (before sample),
secondary spectrometer (after the sample)

Improvement in each resolution term cost linearly in neutron flux (ideally)

Optimized instrument has primary and secondary spectrometer contributions approximately
equal

Factor of 2 gain in resolution costs at a minimum a factor of 4 in flux





Role of Instrumentation

 Currently about 25 neutron scattering instruments in the world useful for QNS
(approximately 5 in the U. S.)

 U.S. instruments — Opportunity is Good- Competition is Strong
— NIST Center for Neutron Research
 Disc Chopper Spectrometer
 High Flux Backscattering Spectrometer
* Neutron Spin Echo
— Lujan - Los Alamos National Laboratory
* Rebuild of QENS instrument from IPNS
— Spallation Neutron Source
« BaSIS - near backscattering spectrometer (3 peV)
 Cold Neutron Chopper Spectrometer (CNCS) (10 — 100 peV)
 Neutron Spin Echo (t to 1-2 psec)

* Trade-offs
— Resolution/count rate
— Flexibility
— Dynamic range
— Neutron A vs Q (
 large A —> high resolution -> long times/slow motions
¢/ “large'’A —> limited Q-range, limited length scales





The Neutron Spectrometer Landscape
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BaSiIS - SNS Near Backscattermg
Spectrometer -






Restricted Diffusion — Tethered Molecules

Samples —typical 0.7 ¢
240 K < T< 340 K

Simple Fit — Lorentzian + &

Pore Radius Coverage
(nm) (molecules/nm?)
1.63 0.85 (saturation)
2.12 1.04 (saturation)

0.60
2.96 0.75
1.61 (saturation)

MCM-41 (2.9 nm pore diameter)
high DPP coverage






What if | don’t have Molecular

Dynamics or other Theory’?

Simple Analytical Model - e.q. /\
./'

Diffusion In a Sphere

e D
SLV(Q’C‘”’DF1‘1((>)(Q’”)5(w)+1 Y (@r+n4(or) ( )/

7T (1.n)(0,0) { 2 17} g

EISF: 42(0) = {3J1Q(g’”)}

Volino and Dianoux, Mol. Phys. 41, 271-279 (1980).





Sum over H-atoms
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EISF(Q)= 4(0)

o S(Q, a)) — A(Q)§ (a))+ (1— A(Q))x Lorentzian






Fit to data (HFBS - NCNR) 29.6 A
diameter pore, 320 K, Q =

S(Q,m) (arb. units)

0.1 ~

0.01 A

1 A1

— Full Fit

d component

—— Lorentzian

Q=1.0A

-15 -10
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EISF - 29.6 A radius DPP sample,
saturation

LL
2
L
0.4 1 o 240K
e 280K
e 320K
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0.0 , . .
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Q (A)





29.6 A radius DPP sample, saturation
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DPP - 29.6 A diameter pores - 370 K
(BaSiS - SNS)

100

10

S(Q,®) (arb. units)
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Lorentzian
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Detalled Fits
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Experiment Design

 ois the microscopic cross section (bn/atom) 104 cm?
* nis the number density atogﬂcm3

+ X'is the macroscopic cross-section (cm)
T = exp (— S t)

The transmission, T, depends on sample thickness, t, as:

« Good rule of thumbis T=0.9
— 5-15mmole H-atoms for 10 cm? sample (BaSiS, HFBS, CNCS, DCS)





An Example — Water

_lgm 1mole 6.02x10® _3.34x10”
cm®  18gm mole cm’

n

o=2x8010"% cm?*

5.34
cm

d=0n=

—1n(0.9)
5.34

sample thickness = ¢ = =0.2mm






Models

* Rotation on the Surface of a
Sphere

| 1 © . [ l-l—l)Dr
RO = 300G+ L E 21 g Ko

* Translational Motion

 Jump Diffusion






Excel Spread Sheet Model

e

Oscillation Isotropic Rotation Jump Translational

<u?>* T, D,
Debye-Waller Rotational Correlation Time Translational Diffusion Constant
r T,
Radius of Gyration Residence Time

|

)03 Mean Jump Distance

S(Q w)=¢ I'(Q, 0) ®R(Q, w)






The nature of water in cement

 Massive economic impact of cement

— 2007 United States Geological Survey

 U.S. consumption - 115,900,000 tons, ~4% of World-wide
consumption

* U.S. value $105/ton ~ $12B
— SNS used ~3600 metric tons of cement during

construction

T e 12000 1.7 B tons cement
é: 12048 | gggtsumption | 6660 = :
2
g 1.0e+8 [— %}
= 8.0et7 | %
2 6000 S
& 6.0et7 | et
2 - 4000 2
S 4.0et7 ¢ ©
o | e al |
v 2.0et7 | ks
~ 00 0

1900 1920 1940 1960 1980 2000

Year e OVATE

. Three Gorges Dam ~PRIDGE
U.S. Geological Survey data Wikipedia image — Christoph FilnkRl





Water in tri-Calcium Silicate (Ca;SiOy)

e Ordinary Portland Cement is formed of a variety of
silicates with one majority phase being tri-Calcium
Silicate (C,S)
* When mixed with water
— Initial period of rapid reaction ~few minutes

— Induction period when hydration proceeds far slower ~few
hours

— Rate of reaction increases again and cement hardens

* 1998 — QENS used to explore the relative amount of
bound water in cement paste

— R. Berliner, et al., Cement and Concrete Research 28, 231-243
(1998)

— A. J. Allen, et al., J. Mater. Res. 19, 3242-3254 (1998)





QENS spectra (60 peV FWHM resolution)

400

x0= -0.0130 + 0.0009
aG= 255.2 + 12.2 Q=1 A
wG=0.06 £ 0 )

al=86.9=6.1 600
300 1 wlL= 0.2895 + 0.0342

bkg=8.9%1.2 1 Time (hr)

Counts
Counts

33.8

200 |

Energy Transfer (meV) Energy Transfer (meV)

« Bound Water Index (BWI) = Elastic Intensity/Sum of Elastic and Quasielastic

« BWI can be related to the degree of reaction (the fractional amount of cement
consumed)

 Water-to-Cement ratio (by mass) (w/c)





Modeling

1.0
| C38S Hydration m
_ 084 Degree of Reaction
.8
©
© 0.6 -
Q
o
S 044
©
o w/c =0.7
& 02 w/c = 0.5
D — .
w/c = 0.3
0.0 = 1 | LAY | ™

003 01 1 10 100
Elapsed Time (Days)
* t<15hr
— Little dependence on water to cement ratio

— Degree of reaction is consistent with interfacial growth between two separate
phases with constant nucleation with a plate or needle product morphology OR
diffusion limited growth with no nucleation and plate product morphology

« t>15hr
— Higher degree of reaction occurs if more water is present

—::Modeling consistent with a core of unreacted C,S surrounded by shell that
controls’the diffusion of water to'the interior





After 1998

* |nitial studies followed by many
publications (> 20)

— Detalls of the water motion

— Studies with additives -
accelerants/retardants

— Recent high-resolution study of water
In aged cement (8 days) on BaSIS at
the SNS by group of S.-H. Chen - part
of this groups pursuit of the dynamics

of water in a variety of confined
geometries

8)

(=i (n

T I'ITI_=I221|3-_I1I{ T T

|

T =231K

L l " E,=3.43+0.03Kcal/mol 4
% ----- VET Law
. - — - Arthenius Law
[t
107 b B
E B , L] R B . Ll
035 n.004c (L0045 0,050 00035

17T (1/K)

Y. Zhang, M. Lagi, F. Ridi, E.

Fratini, P. Baglioni, E. Mamontov,

and S.-H. Chen, J. Phys.:

Condens. Matter 20, art. 502101,

(2008).






Nanoparticle Surfaces - the role of
adsorbed water

1000 - -

10 - T
Q”M BASIS fast component

T [ps]

2 BASIS slow component
& DCS fast component
2 < DCS slow component
1 ] ) HFE!S_1 i .
Molecular Dynamics Simulation 25 30 35 40 45 50 55 60
Green — innermost 1000/T [K'']

Blue — intermediate

Red - outermost « Slowest motion — translational jumps of fully H-bonded H,O in intermediate layer

« Faster component - localized motion of H,O in all layers

* Fastest component — motion of outermost H,O (3 bonds on average)

E. Mamontoy, et al., J. Phys. Chem. D 112, 12334 (2008).





Rubredoxin-hyperthermophile - 16 min.

data sets on BaS

Intensity (scaled to lowest 5 T)

0.6

0.4

0.2

s g

0.5 A" D-labelled
0.7A" D-labelled
1.1 A D-labelled
1.7 A" D-labelled
—— H-labeled

®e0OO0C®

50 100

150
T (K)

200

Intensity (scaled to lowest 5 T)

Intensity (scaled to lowest 5 T)

0.1

0.01

0.001

0.1

0.01

0.001

1S — ecember 2008

s-pFRd
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-

T T 1 4

200 psec b
66 psec
33 psec
13 psec
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Total

100 150

T (K)
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200

L L L 1 L

200 psec |
66 psec
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13 psec
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Protic lonic Liquids — microscopic
understanding of molecular mobility

&y ] Q=0.7 A"

[ < % VA )

:: J _—C—N 0]

@ TN e (N et e JOK

= Hy C—=NH, CF3CF,—S—N—S§—CF,CF; + LiNI|

‘8@ A Lo

= L \C

H/W"‘H
100
Liquid Solid
1 Localized (8 A)

10 - T
w Localized (1.6 A)
£ 7| M 5
a

"I ]

=100 -5 0
.— Long-range translational _ Energy Transfer [ueV]
 Methyl rotations T > 100 K
01 * Localized motion of amine group in solid

T
26 28 30 32 34 36 38 40 42 44 4

1000/T [K]

6 » Fast localized motion in liquid phase
« Slowest long-range translation in liquid phase

E. Mamontoy, et al., J. Phys. Chem. B 113, 156-169 (2009). associated with Iong-range proton transfer





Reference Materials
-1
» Reference Books

— Quasielastic Neutron Scattering, M. Bee (Bristol, Adam Hilger, 1988).
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SUMMARY

QENS is an excellent technique to measure diffusive dynamics

Instrument selection iIs a critical decision — the resolution must match the time scale

Length scales/geometry accessible through Q-dependence

Many analytic models form a framework for comparison

Large range of time scales ( sub-picosecond <t < nanosecond (usec for NSE)
H-atom sensitivity

of the expected motion

World-class instrumentation is currently available in the U.S.

Natural connection to theory (Molecular Dynamics Simulations)
Software — DAVE at the NCNR at NIST — available from the NCNR Web site

Need much closer coupling to theoretical modeling, especially molecular dynamics

simulations — coherent QNS





Backup Material More Examples






Examples - THF Clathrate Hydrate

Small Cages Large Cages Unit cell
Formula
Structure |
'512 51262'
TR
/5 S.L,*136HO
Structure Il 1% 1 // e i
(sth) :
« Structure Il 576"

— Cubic

— Large Cages 5.9A-6.9 y—b\\ﬁ ,
R N @ @ S,SiL- 34H,0
— Avg. radius 4.73 A <






Elastic Scan (Fixed Window Scan)

Intensity (arb units)

i
&

—
N

©

0.0

B T T T T T | T T T T | T T T T T T T T T T T T | T T T T |_
Motions Too Ty = 277 K
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Rotational models

Average radius
2.18 A

Uniaxial Rotation (powder avg. of motion Isotropic Rotation (motion on surface of a
in a circle) sphere)

5(0.0)= Aps(@)+ S0 —TL . S(0.0)=4g8(0)+ m(g)l%

=1 Tl+otr =1 Tlro





Two temperature regimes

T =" 3.0

w ® Uniaxial Model

® |sotropic Model

S(Q,») (arb. units)

50 100 150 200 250
T (K)

o (meV)

 As T increases

— Q-dependence of intensity varies
— Motions become faster

* T<100 K - more restricted motion — uniaxial rotation

« T>100 K - uniform diffusion in approximately spherical
geometry

* Activated process: 1.8 kd/mole (<100 K), 2.8 kd/mole (T >100K)





Backup Material - Some Examples -
courtesy D. A. Neuman (QENS - 2006
talk)






Silica Melts - a Model System for Lava

1012_
© e \welens’%
)
T 108 .
a Si0, ~ 67 wt%
s
»
S 4p4
2 10° SiO, ~ 47 Wt%
Etna '92
100’.\“‘\.“|“‘\
1000 1200 1400 1600
Temperature (K)
@ ®
. .
[ ]
I Courtesy of Florian Kargl
0 2 4 6 8
mole% H-0

SiO, + Na,0, K,0, Al,O,, Fe,0,, CaO, MgO ...

effusive (flow) or explosive (fragmentation) eruption:
— H,0 content in magma chamber (up to =15 mole%)
— viscosity of the anhydrous silicate melt (composition)






Silica Melts

0.8
fast sodium relaxation on
picosecond time scale 06

=> sodium diffusion (IN5) =
Si-O network relaxation on % 04

nanosecond time scale
=> viscous flow (HFBS)

Na>O 2 SiO»

1.3 A"
1600 K

e sodium relaxation
e network relaxation

10"

10’ 102 103 104

Time (ps)

100

A. Meyer, H. Schober, D. B. Dingwell, Europhys. Lett. 59, 708 (2002)





Spider Silk and Water

Spider dragline silk possesses
outstanding mechanical
properties. It is spun at ambient
temperature and pressure using
water as a solvent. It is therefore
crucial to understand the role of
adsorbed water to spider silk.

 H,0 humid silk, 290m— |
- HO humid silk, 250K

30L © drysik, 290K
w dry silk, 250K

= H,0 humid silk, 20K

1

P
=

Intensity (arb. units)

—
=)

Energy (peV)

T. Seydel, M. Koza, D. Sapede, C. Riekel, T. Forsyth,
F. Vollrath, ILL annual report, 58 (2003).






Spider Silk

E 150w drysilk :

& -+ silkk/H)O 3

2100 5 §ik/D,0 —

N

05

"5 . = :

LA 1 1
0 100 200 300

T (K)

."H o “Mlhl N, B
: .
Q=19 nm" ’
[ o Silk/ HxO L.
N m Silk/ Dgo m ]
: 8 -
T SRS ? i
0 100 200 300
T (K)

The mobility of the polymer chains is enhanced by the presence of water.

D. Sapede, T. Seydel, V.T. Forsyth, M.M. Koza, R. Schweins,
F. Vollrath, and C. Riekel, Macromolecules 38, 8447 (2005).

Data from IN16 AN






Notes on Using the “Water” Excel Spreadsheet
K. W. Herwig
October 2, 2008

This spreadsheet was designed to illustrate how quasielastic neutron scattering spectra
changed as time constants (diffusion constants), molecule geometry, momentum transfer,
and instrument resolution were varied. The model that is coded has been used
historically for water diffusion.[1-3] This model has three components: a Debye-Waller

term to account for local, harmonic oscillations (e_<uz>Q2/3); a translational diffusion term,
T(Q,w); and finally, a rotational term, R(Q, ), that captures reorientations of the water
molecule. Q and w are the momentum and energy transfers, respectively. These terms
are taken as independent of one another and the resulting dynamic structure factor,
S(Q,w), is taken as the convolution of the individual terms:

$(Q,0) = 1 T(Q.0) ®R(Q, o) L)

The translational term is given as a Lorentzian

_1 1@
T(Q,Ct))— . 0)2+FZ(Q) (2)
For jump diffusion, the Lorentzian HWHM, T"(Q), is given by
__DbQ’
1—‘(Q) - 1+ DtQZTt (3)

where Dy is the translational diffusion constant and = is the mean residence time between
jumps. These are related to the mean jump distance, I, via

D ) 4)

t
67,

The rotational term is modeled as diffusion on the surface of a sphere

- i(i+1)D,

(Q 0))_ Jo Qa + - 2|+1 ((i+1)Dr)2+a)2

()

é\ll—\

where a is the sphere radius, D, is the rotational diffusion constant, and the j; are spherical
Bessel functions. The rotational correlation time, t,, is related to the rotational diffusion
constant as






7= (6)

. . 0.5 .
The parameters that describe the dynamics are then Dy z, tr, a, and <u2> . A particular

value for the momentum transfer may be given. In addition, the instrument resolution
function is modeled as a Gaussian whose FWHM is also specified in the spreadsheet.
The jump length, |, is calculated from D; and z according to Eq. (4) and is presented for
information only, it is not entered directly into the spread sheet.

The model is coded in a macro written in Visual Basic that runs behind the spreadsheet
whenever the “RUN” button is clicked. The macro can be examined by clicking on
Tools-Macro-Macros and then selecting the “Run_QNS_Water_model” and then click
the “Edit” button. Changes to the parameters in the yellow boxes may be made by
clicking on the box, entering a new value and then hit the “Enter” key. This will change
the value in the box, hitting the “Run” button will then launch the Macro and a new plot
will be generated using the new parameter values. You must have the security setting for
Macros set to no higher than “Medium” and “enable Macros” when you open the
spreadsheet.
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Dt (10-5 cm2/sec)
7_t (10-12 sec)

L (A)

7_r (10-12 sec)
r_g (A)
<uA2>70.5

Q (A1)

Resolution fwhm (meV)

RUN

Q =1 inv. Angstroms
D_t=2 10"-5 cm”2/sec
Tau_t =1 psec

L =1.09544511501033
Angstroms

Tau_R =5 psec

R_g = 0.98 Angstroms
D-W = 0.5 Angstroms

1.10

0.98

0.5

0.1

Model for Isotropic Rotation on Sphere Convoluted with Jump
Diffusion

2.5

1.5

S (Q, )

0.5

0

-15 -1 -05 0 05 1

— Total
——Translations

—— Rotations

Q = linv. Angstroms
D_t=2 10”5 cm”2/sec
Tau_t=1 psec

L =1.09544511501033 Angstroms

Tau_R =5 psec
R_g = 0.98 Angstroms
D-W = 0.5 Angstroms

15 2 25 3 35 4 45

® (meV)

-1.05
-1.035
-1.02
-1.005
-0.99
-0.975
-0.96
-0.945
-0.93
-0.915
-0.9
-0.885
-0.87
-0.855
-0.84
-0.825
-0.81
-0.795
-0.78
-0.765
-0.75
-0.735
-0.72
-0.705
-0.69
-0.675
-0.66
-0.645
-0.63
-0.615
-0.6
-0.585
-0.57
-0.555
-0.54
-0.525
-0.51
-0.495
-0.48
-0.465
-0.45
-0.435
-0.42
-0.405
-0.39
-0.375
-0.36
-0.345
-0.33
-0.315
-0.3
-0.285
-0.27
-0.255
-0.24
-0.225
-0.21
-0.195
-0.18
-0.165
-0.15
-0.135
-0.12
-0.105
-0.09
-0.075
-0.06
-0.045
-0.03
-0.015
-5.6E-17
0.015
0.03
0.045
0.06
0.075
0.09
0.105
0.12
0.135
0.15
0.165
0.18
0.195
0.21
0.225
0.24
0.255
0.27
0.285
0.3
0.315
0.33
0.345
0.36
0.375
0.39
0.405
0.42
0.435
0.45
0.465
0.48
0.495
0.51
0.525
0.54
0.555
0.57
0.585
0.6
0.615
0.63
0.645
0.66
0.675
0.69
0.705
0.72
0.735
0.75
0.765
0.78
0.795
0.81
0.825
0.84
0.855
0.87
0.885
0.9
0.915
0.93
0.945
0.96
0.975
0.99
1.005
1.02
1.035
1.05
1.065
1.08
1.095
111
1.125
1.14
1.155
1.17
1.185
1.2
1.215
1.23
1.245
1.26
1.275
1.29
1.305
1.32
1.335
1.35
1.365
1.38
1.395
141
1.425
1.44
1.455
1.47
1.485
15
1.515
1.53
1.545
1.56
1.575
1.59
1.605
1.62
1.635
1.65
1.665
1.68
1.695
1.71
1.725
1.74
1.755
1.77
1.785
1.8
1.815
1.83
1.845
1.86
1.875
1.89
1.905
1.92
1.935
1.95
1.965
1.98
1.995
2.01
2.025
2.04
2.055
2.07
2.085
2.1
2.115
2.13
2.145
2.16
2.175
2.19
2.205
2.22
2.235
2.25
2.265
2.28
2.295
231
2.325
2.34
2.355
2.37
2.385
2.4
2.415
2.43
2.445
2.46
2.475
2.49
2.505
2.52
2.535
2.55
2.565
2.58
2.595
261
2.625
2.64
2.655
2.67
2.685
2.7
2.715
2.73
2.745
2.76
2.775
2.79
2.805
2.82
2.835
2.85
2.865
2.88
2.895
291
2.925
2.94
2.955
2.97
2.985
3
3.015
3.03
3.045
3.06
3.075
3.09
3.105
3.12
3.135
3.15
3.165
3.18
3.195
3.21
3.225
3.24
3.255
3.27
3.285
3.3
3.315
3.33
3.345
3.36
3.375
3.39
3.405
3.42
3.435
3.45
3.465
3.48
3.495
3.51
3.525
3.54
3.555
3.57
3.585
3.6
3.615
3.63
3.645
3.66
3.675
3.69
3.705
3.72
3.735
3.75
3.765
3.78
3.795
3.81
3.825
3.84
3.855
3.87
3.885
3.9
3.915
3.93
3.945
3.96
3.975
3.99
4.005
4.02
4.035
4.05
4.065
4.08
4.095
4.11
4.125
4.14
4.155
4.17
4.185
4.2
4.215
4.23
4.245
4.26
4.275
4.29
4.305
4.32
4.335
4.35
4.365
4.38
4.395
4.41
4.425
4.44
4.455
4.47
4.485
4.5
4.515
4.53
4.545
4.56
4.575
4.59
4.605
4.62
4.635
4.65
4.665
4.68
4.695
4.71
4.725
4.74
4.755
4.77
4.785
4.8
4.815
4.83
4.845
4.86
4.875
4.89
4.905
4.92
4.935
4.95
4.965
4.98
4.995
5.01
5.025
5.04
5.055
5.07
5.085
5.1
5.115
5.13
5.145
5.16
5.175
5.19
5.205
5.22
5.235
5.25
5.265
5.28
5.295
531
5.325
5.34
5.355
5.37
5.385
5.4
5.415
5.43
5.445
5.46
5.475
5.49
5.505
5.52
5.535
5.55
5.565
5.58
5.595
5.61

T

0.032512
0.033451
0.03443
0.035453
0.036523
0.037641
0.038811
0.040036
0.041319
0.042666
0.044078
0.045562
0.047122
0.048762
0.050489
0.052309
0.054229
0.056255
0.058397
0.060662
0.06306
0.065603
0.068301
0.071168
0.074217
0.077465
0.080929
0.084628
0.088584
0.092821
0.097365
0.102247
0.107501
0.113165
0.119281
0.1259
0.133075
0.140871
0.149359
0.158621
0.168754
0.179866
0.192084
0.205556
0.220452
0.236972
0.255353
0.275871
0.29885
0.324678
0.353812
0.386792
0.42426
0.466975
0.515824
0.571837
0.636186
0.710163
0.795119
0.892346
1.002877
1.127168
1.26468
1.413385
1.569287
1.726126
1.875451
2.007227
2.111019
2.177586
2.200538
2.177586
2.111019
2.007227
1.875451
1.726126
1.569287
1.413385
1.26468
1.127168
1.002877
0.892346
0.795119
0.710163
0.636186
0.571837
0.515824
0.466975
0.42426
0.386792
0.353812
0.324678
0.29885
0.275871
0.255353
0.236972
0.220452
0.205556
0.192084
0.179866
0.168754
0.158621
0.149359
0.140871
0.133075
0.1259
0.119281
0.113165
0.107501
0.102247
0.097365
0.092821
0.088584
0.084628
0.080929
0.077465
0.074217
0.071168
0.068301
0.065603
0.06306
0.060662
0.058397
0.056255
0.054229
0.052309
0.050489
0.048762
0.047122
0.045562
0.044078
0.042666
0.041319
0.040036
0.038811
0.037641
0.036523
0.035453
0.03443
0.033451
0.032512
0.031613
0.03075
0.029921
0.029126
0.028362
0.027627
0.026921
0.026241
0.025587
0.024956
0.024349
0.023763
0.023199
0.022654
0.022128
0.02162
0.021129
0.020655
0.020197
0.019753
0.019324
0.018909
0.018507
0.018118
0.017741
0.017375
0.017021
0.016677
0.016344
0.016021
0.015707
0.015402
0.015106
0.014818
0.014538
0.014267
0.014003
0.013746
0.013496
0.013253
0.013016
0.012785
0.012561
0.012343
0.01213
0.011922
0.01172
0.011523
0.011331
0.011144
0.010961
0.010783
0.010609
0.010439
0.010273
0.010111
0.009953
0.009799
0.009648
0.009501
0.009357
0.009216
0.009078
0.008943
0.008812
0.008683
0.008557
0.008434
0.008313
0.008195
0.00808
0.007967
0.007856
0.007748
0.007641
0.007537
0.007435
0.007335
0.007238
0.007142
0.007048
0.006955
0.006865
0.006776
0.006689
0.006604
0.00652
0.006438
0.006358
0.006279
0.006201
0.006125
0.00605
0.005977
0.005905
0.005834
0.005764
0.005696
0.005629
0.005563
0.005498
0.005435
0.005372
0.005311
0.00525
0.005191
0.005133
0.005075
0.005019
0.004963
0.004909
0.004855
0.004802
0.00475
0.004699
0.004649
0.004599
0.00455
0.004502
0.004455
0.004409
0.004363
0.004318
0.004274
0.00423
0.004187
0.004145
0.004103
0.004062
0.004021
0.003982
0.003942
0.003904
0.003865
0.003828
0.003791
0.003754
0.003718
0.003683
0.003648
0.003614
0.00358
0.003546
0.003513
0.00348
0.003448
0.003417
0.003385
0.003355
0.003324
0.003294
0.003265
0.003236
0.003207
0.003178
0.00315
0.003123
0.003095
0.003068
0.003042
0.003016
0.00299
0.002964
0.002939
0.002914
0.002889
0.002865
0.002841
0.002817
0.002794
0.002771
0.002748
0.002725
0.002703
0.002681
0.002659
0.002638
0.002617
0.002596
0.002575
0.002555
0.002534
0.002514
0.002495
0.002475
0.002456
0.002437
0.002418
0.002399
0.002381
0.002363
0.002345
0.002327
0.002309
0.002292
0.002275
0.002258
0.002241
0.002224
0.002208
0.002192
0.002176
0.00216
0.002144
0.002128
0.002113
0.002098
0.002083
0.002068
0.002053
0.002039
0.002024
0.00201
0.001996
0.001982
0.001968
0.001954
0.001941
0.001927
0.001914
0.001901
0.001888
0.001875
0.001862
0.00185
0.001837
0.001825
0.001813
0.001801
0.001789
0.001777
0.001765
0.001753
0.001742
0.001731
0.001719
0.001708
0.001697
0.001686
0.001675
0.001664
0.001654
0.001643
0.001633
0.001622
0.001612
0.001602
0.001592
0.001582
0.001572
0.001562
0.001553
0.001543
0.001534
0.001524
0.001515
0.001506
0.001496
0.001487
0.001478
0.001469
0.001461
0.001452
0.001443
0.001435
0.001426
0.001418
0.001409
0.001401
0.001393
0.001385
0.001376
0.001368
0.001361
0.001353
0.001345
0.001337
0.001329
0.001322
0.001314
0.001307
0.001299
0.001292
0.001285
0.001278
0.00127
0.001263
0.001256
0.001249
0.001242
0.001235
0.001229
0.001222
0.001215
0.001208
0.001201
0.001191
0.001177
0.001154
0.001113
0.001048
0.00095
0.000819
0.000664

a2 — g

0.020801
0.021405
0.022035
0.022693
0.023381
0.024101
0.024855
0.025644
0.026471
0.027339
0.028251
0.029208
0.030215
0.031275
0.032391
0.033567
0.034809
0.036121
0.037508
0.038976
0.040532
0.042182
0.043935
0.045798
0.047782
0.049898
0.052155
0.054569
0.057153
0.059924
0.0629
0.066101
0.069551
0.073276
0.077306
0.081673
0.086418
0.091583
0.09722
0.103387
0.11015
0.117588
0.125793
0.134871
0.144946
0.156166
0.168706
0.182773
0.198614
0.216528
0.236868
0.260065
0.286634
0.317194
0.352488
0.393395
0.44094
0.496283
0.560684
0.635406
0.721548
0.81977
0.929918
1.050557
1.178517
1.308578
1.433499
1.544525
1.632443
1.689033
1.708579
1.689033
1.632443
1.544525
1.433499
1.308578
1.178517
1.050557
0.929918
0.81977
0.721548
0.635406
0.560684
0.496283
0.44094
0.393395
0.352488
0.317194
0.286634
0.260065
0.236868
0.216528
0.198614
0.182773
0.168706
0.156166
0.144946
0.134871
0.125793
0.117588
0.11015
0.103387
0.09722
0.091583
0.086418
0.081673
0.077306
0.073276
0.069551
0.066101
0.0629
0.059924
0.057153
0.054569
0.052155
0.049898
0.047782
0.045798
0.043935
0.042182
0.040532
0.038976
0.037508
0.036121
0.034809
0.033567
0.032391
0.031275
0.030215
0.029208
0.028251
0.027339
0.026471
0.025644
0.024855
0.024101
0.023381
0.022693
0.022035
0.021405
0.020801
0.020223
0.019668
0.019136
0.018625
0.018135
0.017663
0.017209
0.016773
0.016353
0.015949
0.015559
0.015184
0.014822
0.014472
0.014135
0.01381
0.013495
0.013191
0.012898
0.012614
0.012339
0.012073
0.011816
0.011567
0.011325
0.011091
0.010864
0.010645
0.010431
0.010224
0.010023
0.009828
0.009639
0.009455
0.009276
0.009103
0.008934
0.008769
0.00861
0.008454
0.008303
0.008156
0.008012
0.007873
0.007737
0.007604
0.007475
0.007349
0.007226
0.007107
0.00699
0.006876
0.006765
0.006656
0.00655
0.006447
0.006346
0.006248
0.006151
0.006057
0.005965
0.005875
0.005787
0.005702
0.005618
0.005535
0.005455
0.005376
0.005299
0.005224
0.00515
0.005078
0.005007
0.004938
0.00487
0.004804
0.004739
0.004675
0.004613
0.004552
0.004492
0.004433
0.004375
0.004318
0.004263
0.004209
0.004155
0.004103
0.004051
0.004001
0.003952
0.003903
0.003855
0.003808
0.003762
0.003717
0.003673
0.003629
0.003587
0.003545
0.003503
0.003463
0.003423
0.003384
0.003345
0.003307
0.00327
0.003233
0.003197
0.003162
0.003127
0.003093
0.003059
0.003026
0.002994
0.002962
0.00293
0.002899
0.002868
0.002838
0.002809
0.002779
0.002751
0.002723
0.002695
0.002667
0.00264
0.002614
0.002588
0.002562
0.002536
0.002511
0.002487
0.002462
0.002438
0.002415
0.002392
0.002369
0.002346
0.002324
0.002302
0.00228
0.002259
0.002238
0.002217
0.002197
0.002176
0.002156
0.002137
0.002117
0.002098
0.002079
0.002061
0.002043
0.002024
0.002007
0.001989
0.001972
0.001954
0.001937
0.001921
0.001904
0.001888
0.001872
0.001856
0.00184
0.001825
0.001809
0.001794
0.001779
0.001765
0.00175
0.001736
0.001722
0.001708
0.001694
0.00168
0.001666
0.001653
0.00164
0.001627
0.001614
0.001601
0.001589
0.001576
0.001564
0.001552
0.00154
0.001528
0.001516
0.001505
0.001493
0.001482
0.001471
0.00146
0.001449
0.001438
0.001427
0.001417
0.001406
0.001396
0.001385
0.001375
0.001365
0.001355
0.001346
0.001336
0.001326
0.001317
0.001307
0.001298
0.001289
0.00128
0.001271
0.001262
0.001253
0.001244
0.001236
0.001227
0.001219
0.001211
0.001202
0.001194
0.001186
0.001178
0.00117
0.001162
0.001154
0.001147
0.001139
0.001131
0.001124
0.001117
0.001109
0.001102
0.001095
0.001088
0.001081
0.001074
0.001067
0.00106
0.001053
0.001046
0.00104
0.001033
0.001027
0.00102
0.001014
0.001007
0.001001
0.000995
0.000989
0.000983
0.000977
0.000971
0.000965
0.000959
0.000953
0.000947
0.000941
0.000936
0.00093
0.000925
0.000919
0.000914
0.000908
0.000903
0.000897
0.000892
0.000887
0.000882
0.000877
0.000871
0.000866
0.000861
0.000856
0.000851
0.000847
0.000842
0.000837
0.000832
0.000827
0.000823
0.000818
0.000813
0.000809
0.000804
0.0008
0.000795
0.000791
0.000787
0.000782
0.000778
0.000774
0.000769
0.000764
0.000758
0.000749
0.000734
0.000709
0.000667
0.000605
0.000522
0.000422

—roT

0.012046
0.012395
0.01276
0.013141
0.013539
0.013956
0.014392
0.014848
0.015326
0.015828
0.016354
0.016907
0.017487
0.018098
0.018742
0.019419
0.020134
0.020888
0.021686
0.022528
0.023421
0.024366
0.02537
0.026435
0.027568
0.028774
0.030059
0.031431
0.032897
0.034465
0.036146
0.03795
0.039889
0.041976
0.044226
0.046657
0.049287
0.052139
0.055235
0.058604
0.062278
0.066291
0.070685
0.075506
0.080807
0.086648
0.093098
0.100236
0.108151
0.116943
0.126727
0.137627
0.149781
0.163336
0.178442
0.195246
0.21388
0.234434
0.25694
0.28133
0.307398
0.334763
0.362828
0.390771
0.417548
0.441952
0.462702
0.478576
0.488553
0.491958
0.488553
0.478576
0.462702
0.441952
0.417548
0.390771
0.362828
0.334763
0.307398
0.28133
0.25694
0.234434
0.21388
0.195246
0.178442
0.163336
0.149781
0.137627
0.126727
0.116943
0.108151
0.100236
0.093098
0.086648
0.080807
0.075506
0.070685
0.066291
0.062278
0.058604
0.055235
0.052139
0.049287
0.046657
0.044226
0.041976
0.039889
0.03795
0.036146
0.034465
0.032897
0.031431
0.030059
0.028774
0.027568
0.026435
0.02537
0.024366
0.023421
0.022528
0.021686
0.020888
0.020134
0.019419
0.018742
0.018098
0.017487
0.016907
0.016354
0.015828
0.015326
0.014848
0.014392
0.013956
0.013539
0.013141
0.01276
0.012395
0.012046
0.011711
0.01139
0.011081
0.010785
0.010501
0.010227
0.009964
0.009711
0.009468
0.009233
0.009008
0.00879
0.00858
0.008377
0.008182
0.007993
0.00781
0.007634
0.007464
0.007299
0.00714
0.006985
0.006836
0.006692
0.006551
0.006416
0.006284
0.006157
0.006033
0.005913
0.005796
0.005683
0.005573
0.005467
0.005363
0.005262
0.005164
0.005069
0.004976
0.004886
0.004798
0.004713
0.00463
0.004549
0.00447
0.004393
0.004318
0.004245
0.004174
0.004105
0.004037
0.003971
0.003907
0.003844
0.003783
0.003723
0.003664
0.003607
0.003551
0.003497
0.003443
0.003391
0.00334
0.003291
0.003242
0.003194
0.003148
0.003102
0.003058
0.003014
0.002971
0.00293
0.002889
0.002849
0.002809
0.002771
0.002733
0.002696
0.00266
0.002625
0.00259
0.002556
0.002523
0.00249
0.002458
0.002426
0.002395
0.002365
0.002335
0.002306
0.002278
0.00225
0.002222
0.002195
0.002168
0.002142
0.002117
0.002091
0.002067
0.002042
0.002018
0.001995
0.001972
0.001949
0.001927
0.001905
0.001884
0.001862
0.001842
0.001821
0.001801
0.001781
0.001762
0.001743
0.001724
0.001705
0.001687
0.001669
0.001651
0.001634
0.001617
0.0016
0.001584
0.001567
0.001551
0.001535
0.00152
0.001504
0.001489
0.001474
0.00146
0.001445
0.001431
0.001417
0.001403
0.00139
0.001376
0.001363
0.00135
0.001337
0.001324
0.001312
0.001299
0.001287
0.001275
0.001264
0.001252
0.00124
0.001229
0.001218
0.001207
0.001196
0.001185
0.001175
0.001164
0.001154
0.001144
0.001134
0.001124
0.001114
0.001104
0.001095
0.001085
0.001076
0.001067
0.001058
0.001049
0.00104
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