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1..f NAg§? &9 N

This document describes the kernel operation of TOPA-Academic including its macro lan-
guage.f6 1 1J | IHEDIG R R ] 1A SHeR 1§ O o W cUtipgli 2 H i & 10 BR Ule) | WRIE i ¢ |
a ¥ @ ~ i 1J &0 UDq ¢ WIR YR HR T BIW G Y It & YUkt a¥er THasd 6 £ U TgRain
RUq ity U e & th & HBIIER aYcnifl@ 10 | ciid) & ity €01 VbW G CheRifitil i Y & 6 b R
RUNJe T i BO &0l ¢ #Hy Al diojd R Y 2 tEmiiI) sHab o1 g igel v p

H 113 1 A A RGHIG ¢ Ul RABIML 1) tue B IGUHE 6 of0RlIED Y HIJIH Refisld  Fimi¥ 19 U
Ng§g AWE]dHEY 0 SR ! sHdl6E dHG 1J 1 0 da afad | SO Gyt A Rficld

t 11 81 0RO q W cUlibel 2 H WpB WiId R0 gd M VA THIRA ofJ a

xdd...
bkg diic #t Nl Ye UT 1O
str... : Structure information for Rietveld refinement.
xo_Is...  :2g-lvaluesfor single line or whole powder pattern fitting.
d_lIs... : d-1values for single line or whole powder pattern fitting.
hkl_Is... :Lattice information for Le Bail or Pawleyfitting.

fit_obj... :Userdefined fit models.

stréfko Issitl Islél ULkl IsIél 131 ' 12dd 0 18 G 615 #e Uld) 40010 €08 b & Wi G B0 1J € HH
Ot & RYD dlilic be! 2 H i R BRA0 H qBL0

1.1... A2 OURUNWNSA EWRUWSERNGWGI RYI Ra! Wa VYT L

Windows is becoming more guarded with the compiler not producing EXE files that run in a
high priority mode. This slows down TOPAS appreciably when running large refinements, es-
pecially when accompanied by large memory usage. The solution is to run theggram in high
priority-mode. Below shows a factor of 10+ difference in running-time when runningii A® K

N tOf usidgN 9 IOE /i E

250
TEST_EXAMPLESRRDCTXRDBCT-1.INP
200
__ 150 Not running in high priority mode
2
g Running in high priority mode
- 100
50
0
0 10 20 30 40 50 60 70 80 90 100

Iteration Number
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When not running in high priority mode, time per iteration slows downappreciably after iter-
ation 16.

1.11 ......... A2 OURUNWN HEME WR UMUK RO GEUGHOR YN LR a ! Wa YT 1J
Run the following from the command line:
start " /high "ta"

Or, runthe batch fileN § AcE [peAf § Af NriNtOe 1D N

1.1.2......... A2 UURUNWN9 IEAEWRUWSRNE WGI RYI Ra! Wa VYT 1
From the command prompt, usethe following to start the command prompt
start /high "cmd"

§1 AWl 2UWq6 WHY GG ¢ UT Wet wWelwel aRURY gl ¢qVYl Wnl YalWaq
H6VYYH U6 WWmwAz UWet Wel GRURY ql ¢qVYl wiO

1.2...9YU213U0UqRYUt

Keywords look like thistO

Macros look like thistO

uld! s Yo U HI0 lRihue ¢l 11Jc #e G q RY Uc 0 1O

uld! s Yl U1 REDRID T RapEEnat ol G0 39 Wi 6 16 o 6 13836 0 Y s JT 1O
NJ #ifJ N R GIRMBIEG ¢ | didi ey W& Yobud a2 & A1 1O

NJ #HJ N R WRAEEIG ¢ | dBl o I & YU i | R U N KO

Eldln G101 5 BEIYT & 131 G Yiebudtidhl G.&Y iaéb;) or constant (i.e. 1.245) or a param-
eter name with a value (i.e. Ip 5.4013) that can be refined.

1 E¢ n Gl s:#@NT | 1t GYegudtidhlor ¥orktant or a parameter name with a value
that cannot be refined.

= =4 -8 —a a8 —a -2

Ndl 2 YRR @l of izt 10 nid 11 R 'n 'n 13 11HIXijep BIAIGS ¥l ¢l FHAY ¢ | ¢ aliDan sl
¢ Ul I 263l | ¢ GuiDandones 1 Y U 2 13 1hoyYRGYOlR 5 13 &
ulJ! s Yidl ¢ @y siHEND
Ac | ¢ G il q I n iRuli 1) iRl oV stEIEN
~¢ HUW¥E G 1A n iRyl 1) iRkl dd Gitéld
A1 260 | ¢ GliDa o n Ryl 1) aRagkl IS ciinéld
1.3....f UGheRili#J O G WA | & ¢ qb

N6 Y O O R G2 00 defiiR 1) o 06 R U 1 0 e Ud @iii e Y1 RaglJa
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a2 Rietveld refinement comprising  two phases
xdd File _Name.xy

CuKa5(0.001) 2 Emission profile

Radius(217.5) a2 Diffractometer radius

LP_Factor(26.4) a8 Lorentz polarization

Slit _Width(0.1) a8 Receiving slit  width

Divergence(1) a Equatorial divergence
a

Full _Axial _Model(12, 15, 12, 2.3, 2.3)
Zero _Error(@, 0)
bkg @0 0 0 0 00
STR(R- 3C, "Corundum AI203")
Trigonal(@  4.759, @ 12.992)

Axial  divergence

site Al x O y 0 z @0.3521 occ Al+3 1 beq @0.3
sie O x @0.3062 y O z 0.25 occ 02 1 beq @0.3
scale @ 0.001

CS L(@, 100)

r_bragg O

STR(Fm 3m, Fluorite)
Cubic(@ 5.464)

site  Ca x 0 y O z 0 occ Cal beq @0.5
site F x 0.25 y 025 z 0.25 occ F 1 beq @0.5
scale @ 0.001

CS L(@, 100)

r_bragg O

The format is case sensitive. Optional indentation can be used to show tree dependencies.
Placement of keywords within a tree level is not important. For example, the keyword str sig-
nifies that all information (pertainingto str) occurring between this keyword and the next level
of the same type (in this case str) applies to the first strHIGUR U el dboay 13 dc 1) ¢ 21 1RID 19
¢ UT ¥ MEYE G G DG RS YOS O IRRoP T R HHdapiRIs ¢ | dtGidE o MY G G 10 q
H It ¥ G 19 OdRED (i o K UandNeckho) i (IR Y00 G HGep | digrosilION iy G@IRUELLD
R N U YUl I3 qRoaLBl & WHAY G O WA N U YUl @ MHEY G O musE gl W Koy 1300 180 LHI1 LI
tYauwm+c¢ at@a 1

a8 This is a line comment

space group C2/c 2 This is also a line comment

/* This is a block comment.
A block comment can comprise any number of lines. */

g0 131 O R HdaIR RWIWE 612 ) df RAGSHIONR 0 i) ARV CeRifiHI 17 dihRM & p
nREIETAIRGBT ¢ qIT 1O

1.4....NIJWd& ¢ 0 Ga 134

N6 LWHirectory N E EENf  ~ AlkoBt&nlD + ¢ Ot C0GIE gL Hid Ly 10 0 G o 13 ¢l AL N
n RAMT T Rif B ¥ (1 IR QUG R W I Y 2@ ATl R 11 G O 1 128 RONAIG 1
RUijaily ? EAMBRI] DHqYI ! 1O

1.5.... N9 A E W70eldoe #lix #1 Y

Thebatch file N9 A E kdins oler 180 test examples in a few minutes. These examples play

an important role in program testing. Arguments passed via the command line to the test
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examples can contain the aac$ macro. If defined, aac$ is expandedat the bottom of the INP
file. For example, to terminate refinement after 100 iterations the following could be used:

tc test_examples\pdf\alvo4\rigid "macro aac$ { iters 100 verbose 0}"
1.6....N & A IRED [H R q

The command line N 9 FOmfAdEhe GUI N HOB@tHErun on the Windows 64-bit operating sys-
tem.
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2. A A ~ENEAE

2.1...71 6 WEWIGC | ¢ GWEHWRUIIT

G ¢ | ¢ QURTHRAIE MHADID n R ULE IR GIARAIIB GHAS WhiRiE 6 ¢ | dERc i & G du |
Yl Y sr0dldd 19 ¢oeiiBl hue G | ¢ ol H GedId THR Y HIG ¢ | dbtyUdE au)
Uz G HIKG 6| YD 0+ ¢ GaG i 1J

site Zr x 0y 0 z 0 occ Zr+4 1 beq bl 0.5

Here bl is the name givento the beql® ¢ | ¢ (O WYGUAd FOR H IRISGUCE Hif 166 dnJJ O iy 6
Gé | ¢ QuDaGoHDs WH 6 ¢ | &l &) & H I Tn IENEEDLR 1] AR 1D Ol GILENGR 1O Vi W 10 p
n R @I+ ¢ GaGa 1]

st Zr x 0y 0 z 0 occ Zr+4 1 beq !'bl 0.5

B¢ | ¢ QDaEdMA M G ¢ moAd D n R UL (010 & criFifiamt 6 ¢ | ikigncdd cLif b ol
Uc¢ auiig1J | uij adictl! ¢ auumRIAa () R iz 10do0d | 1) diadXR O T 13 G 1a@d 11380¢mp
|J qHES BN (U8 ik GiHJY O G BRER R O Rl 1T

sitie Zr x 0y 0z 0 occ Zr+4 1 beq @0.5
or, site Zr x 0y 0z 0 occ Zr+4 1 beq @bl0.5

2.2.....0t I n RAEIT ¢ & 10 BIE0I ¢ O Y IG s Y 1 T
The [prni’local E] keywords defines a new parameter. For example:

prm bl 0.2 2 bl is the name given to this parameter
a2 0.2 is the initial value

site Zr x 0y 0z 0 occ Zr+4 0.5 beq
occ Ti+4 0.5 beq

0.5 + bil;
0.3 + bil;

Here blis a new parameter that will be refined; this example demonstrates adding a constant
to a set of beq't KUY ojdlJa#A0IIY i AHMRSMEUN G Idbdq keyword; this indicates that the pa-
rameter is in the form of an equation. In the following example, b1 is used but not refined:

prm bl 0.2
site Zr x 0y 0 z 0 occ Zr+4 0.5 beq
occ Ti+4 0.5 beq

0.5 + bil;
0.3 + bil;

23..,A¢c1 ¢caqll Weaqaql RAz2 qll
N6 1JLWn Y iGoYRsYRAE eudiidIaqdpll REE 0ot IRIND U 13T Wa Yallde WGE !l ¢ G 10aqlll
[min 'E] [max!E] [del 'E] [update !E] [stop_when!E] [val on_continue 'E] [ _rem!E]

_remis described in section 15.6. Attributes are equations andcannot have a parameter
name; they can however be a function of other parameter names. Thein and max | (G G NR& 6 dzi S a
can be used to limit parameter values during refinement, for example:
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prm a 0.1 min 0 max =10;
prm b 0.2 min =a; max = 10;

Here b is constrained to within the range 0.1 and 10. Limits are effective in refinement stabili-
zation. del is used for calculating numerical derivatives with respect to the calculated pattern;
typically, internal default del values are adequate in most circumstances. Parameter values
are updated at the end of an iteration as follows:

new_Val =old_Val + Change
When update is defined then the following is used:
new Val=rbe Gl 1dhgddc qRY U

update can additionally be a function of the reserved parameter names Change and ValdThe
use of update does not negate min and maxdstop_when is a conditional statement used as a
stopping criterion. In this case convergenceis determined when stop_when evaluates to a
non-zero value for all defined stop_when attribute s, as defined for independent parameters,
and when the chi2_convergence criteria condition has been met. val on_continue is evalu-
ated when continue_after_convergenceis defined. It provides a means of changingparameter
values after refinement convergence where:

new Val =val on_continue

Here are example attribute equations as applied to the x parameter:

X @0.1234
min = Val - 0.2
max = Val + 0.2;
update = Val + Rand(0, 1) Change;

stop _when = Abs( Change) < 0.000001;

24...Acl cam§Ot ql ¢ RUOqt
Eue ¢ IR ¥ HH 2 U AMEEY (& O W 10HEY 6161 R B UG 1) A 61a HRRU gl Yile #RUD
0 R Udodil Y R UsoNe dh | & siant ¢ GaGa 1)
site Zr x 0y 0z 0 occ Zr+4 zr 1 beq 0.5
occ Ti+4 = 1-zr; beq 0.3

c 1) I4JAANE ¢ | ¢ GURLAIDIRL dWhue ¢ ldp IRPA (A6 #H hue ¢ i) R Vit@(ANB FER 13t p
He G¢ W efDruz ¢t ¥u) ’yld &L hu 2udRapb00LWD ULIRIEWI & R H MR ¥ B 16 B Ry 6
minamax can be performed as follows:

site Zr x 0y 0z 0occ Zr+4 zr 1 min 0 max 1 beq 0.5
occ Ti+4 =1 - zr beg 0.3

Here zr will be constrained to within Oand 1. ULl # ¢ QB WE | ¢ R(ERIO0 016 & H & o Wa 1|
a, b, c to the same value as required for a cubic lattice is as follows:

13 Parameters
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alp 54031 b Ip 54031 c Ip 5.4031

Parameters with names that are the same must have the same value. An exception is thrown
if the abovelp parameters were defined with values that were all not the sameAnother means
of constraining the three lattice parameters to the same value is by using equations with the
parameter Ip defined once, or,

a lp 5.4031 b = Ip; c = Ip;
~Y 113 O 1@ RealiRn B0 iy s iy 2 O Fidh 18 10 W& U aaabicldl ¢ #1 Y a
a @5.4031 b = Get( a); c = Get( a);

Here the constraints are formulated without the need for a parameter name.

25.....NSWY #elx s YI T

The local keywordis used for defining parameters as local to the top, xdd or phase level; local
can simplify complex INPfiles. The following code fragment:

xdd local a 1
xdd local a 2

has two 'a’ parameters; one dependenton the first xdd and the other dependent on the second

xddHllD oy 131 Uiy @G T 1) G 1a®d 113800 GUmmo U 1 1588 ool ¢ #adh) GHXE® | ¢ G Bl 1 |

q SR 1) H B e ) G40 | ¢ Of Wl d IIEIRG dINGE VR G RRELUIE ¢ oth MR UR G RENE qRY U
HY I | 1M ¢ qdiR R OUY GOHOIEG GHIY i) ¢ NG I Uqa

local a 1 a top level

xdd gauss fwhm = a; a 18t xdd

xdd gauss fwhm = a; a 2 xdd
local a 2 a2 xdd level

the 1%t xdd is convoluted with a Gaussian with a FWHMof 1 and the 2" with a Gaussian with a
FWHMof 2. In other words, the 1%t gauss_fwhm equation uses the h g#rameter from the top
level and the second gauss_fwhm equation uses the h @arameter defined in the 2" xddd¥his

is analogous, for example, to the scoping rules found in the ¢ programminglanguagedN\s Il Y @ p
0 Y s IR Aayc @RENRIL 1) n RigCs | RERERE R n nuid¢ O 0wl O

xdd local a1 prm bl

xdd local a 2 prm bl

~

K6 Y 00y R GDE G IGcg 1E O WEURE ¢ & RT

xdd local a 1 local bl

xdd local a 2 local bl

14 Parameters
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26..2 JnRURUDWGYHCOWGe! ¢alaqldl t Wet RUNWS3

N6 W3 WaEE U kietaidy WA 1J We ¢ WG Rid ¥ dHdaRrQLINGER LS Ye oy 5 R U N Wa s
t ROROGY qUBIB GtwR RB & 0O WU q a

xdd j local sc0.01 min le-10 scale =sc;
xdd j scale $sc0.01

N6 IL0 1¥ymRbell RUN W3 WRH LHa@d@lo ¢l ld dpiiuT L) dRELEREHE T alisH LI Yin LU
| 3¢ RUWT IOWNS IW3 WHE ¢ | ¢ & aoidilildA ¢sOYLL ¢l Gl | VI8 Fe 13 LdieRt Ul LLLRsURL
HIJRUND W IboaRAIINSWANNY G 6 Ys RUNDWas YWI RUWY Wel WWWIhue R2 ¢ 0
prm $cs 100
local cs 100

O DWYNW3WEat YW RGEGH RN RIJH Lo 881w LIRIGVRVIED LEOLH VT oA +Yeh
dYsRUNa

for strs {CS_L(@, 100) }
¥ G¢c UTt WqVYa

for strs {
prm m67cff550_1 100 min .3 max = Min(Val 2 + .3, 10000);
lor_fwhm =0.157.2957795130823 Lam / (Cos(Th) (m67cff550_1));

}

clJl JALWaE I 1IK fpdthyherér, \Indhedivs THEEEOx Ix fol all strs within the loop. If on
the other hand the intention was to have one unique CS_L for easlr then the following can
be used.

for strs {CS_L($cs, 100) }

s 6 RAGWI+G¢c UT t WqVYa

for strs {
prm $cs100 min .3 max = Min(Val 2 + .3, 10000);
lor_fwhm =0.157.2957795130823 Lam / (Cos(Th) ($cs));

}
f OlWg6 WWedtz WWNORABURe JWHEY WGE!l ¢ GWqldl W 2 JWaVY Wa b
GG Ws Rad WTYHCE O WG & IGILRY Wsn B o dRUY 1Wd 6 10l U 10 WHt WGe |
§ OB RO U WS W d IEaidafHgRIO N WG Y qoWNS Rt W Rage ¢ qRY UWHAE ULWAL
load_save_locals

27...ANGY I WBOB: }RYIE 104

KB W2 ¢ 02 WY nRegUELIIRII N2 FEafmodRURI1 L 0L aHG 1A LLSAHSEIE o RY €¢ 0 Gi 1Ja

occ Ti+4 = 1-zr; : O
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After refinement, the '0' is replaced by the value of the equation. The associated error is also
reported whendo_errorsis defined.

2.8..... ¢ 0 Rildhue ¢ qRY Ut
Erue ¢ ¢ YU R 216 | ¢ i dds Wi+ ¢ a4 1
prm lal = a2 + a3/2; : 0

clJ 1) MNG ¢ | ¢ QUDIdGED Wi dldruz ¢ lap BEeOo i) AAJC ¥EmJdoue C R ¥ U2 p
¢ of i IH Yio ¢ fijcp ANE Y 2B I R UOT 1JG1IEd 11300 q & 0INEERG | 1 dtlojdLil
T 3G 0W & U a Gk SA0RC: ¢ d) R ¥ Of2oio¥iE Yo ¢ Sbjop NG R i 1000 Bl 60D
H6 ¢ | duRih Midl) HEGIXIW Y G 0 MR OB & @R 146 Y 8060 iflag RlITc | ¢ GUD q 1J|
Uc¢c 0IB& ¢ Qcedd | 1YIESVIL 1) G YW @Dl & R BdldpRRW Wa 130 q 1o

prm = 2 al”2 + 3; : 0
Frue ¢ ¢RI O O I fHMs2 ¢ G 40 &) 0 Usij Y @d ¥ s RUDN

prm a2 = 2 al; : O

prm al = 3;
NRIZIY 1J1 & R Bdidpm RWAI G 130 q

prm a2 = 2 al; : 6

prm al = 3;

Acl calqUll t WsRa6 W6 W ¢aWlWUeaUWhet qWsée 2 IMERT WOqR
e 1J @R @il mBRFY Al ¢ & hdy 1310 NOAEED I T In B0 Ray R Y U

prm al = 2; prm al = 3; 2 redefinition error
prm bl = 2 b3; prm bl = b3; 2 redefinition error

29... 1+ RIXGRGN

[existing_prm E]...

~

E2 ¢ 0 2 HDnel 1) Uld B élléwis for the modification of an existing prm/local parameters,
see for example the macro K Factor WPinN § A E Kdhe folowing:

local a1

existing _prm a += 1;
existing _prm a /= 2;
existng _prm a = 3 (a + 1);
prm = a; : 0

givesa

prm = a; : 6.00000

16 Parameters
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Allowed operators for existing_prm are +=, -=,*-, [=and *=.

2.10... 1B q | R § 10 st EYAEdm ORI @We O qRY Ut

String assignsa string attribute to text that would otherwise be a parameterTo_Stringevalu-

ates a parameter and converts the result to a stringlo_Prm converts a string to aparameter

name. Together these macros provide flexibility in the creation of INP file8 Y UH ¢ qbi ¢ A LWH A LWF
concatenates strings. Concat and To_Prm eguments can be parameters or strings. If an argu-

ment is a parameter, then the value of the parameter is converted to a string. For examptlee

following are allequivalent:

prm abc =7;

prm =To_Prm(a, b,c);: 7

prm  =To_Prm(a, "b", "c"); : 7

prm =To_Prm(Concat( -a®, "b", "c"));: 7
prm = To_Prm(Concat(a, "b", "c")); : 7

prm =To_Prm(String(abc)); : 7

prm =To_Prm("abc");: 7

211.. Eq¢ | qRUNDWE WGE! ¢ G Wqll Ws Raé wWe Wl ¢ 0T Yau

The preprocessor #out command (see section22.1.2) can be used to start parameters at
random values, for example:

#prm a_start = Rand(5.4, 5.6);

a @#out a_start

Thisis pre-processed to (as seeninN § A E jOx § ]
a @ 5.58537511
2.12...0t R4 B WltEALE df Y U baYquoll th RU I We WGel ¢ a1 3aldl
IHEG ¢ G 1Iqlll WOe¢ a 1WA ¢ ORMARIALE iRm0 UusR Rl Wn Yo d Ys RU

Create_XDDs(3)

prm il
for xdds {
xdd_file = Concat("ceo2 -", i, ".xdd")
i
str
site Cel occ Ce+4 1 beq %Concat("bCe", i); 0.2
site Ol x 025 y 025 z 025 occ O2 1 beq %Concat("bO", i); 04
existing_prm i+=1;

}
NS IJLWe H Y @0 Ik iD W30+ 1 T gELOID ¥ IUcpO IOHIRITIMEE ¢ H6 W6 ¢+ We W g
aqsbet@c | ¢ GUqUl + WHI Deqll Wet R4 DIWGS DIWMEARURC gLl W 131

HOU=ZAWAS = A LSS DO Wdlkéic W@ We + JT WRUWW e ¢ qRY Ut Wet WU
5 DI Wt ¢ 6 HBIg WEGB W gl + WagéWUWagsWWnYddyYs RUNDWAYe

17 Parameters
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site Cel occ Ce+4 1 beq %Concat("bl", i); 0.2
site Ol x 025 y 025 z 025 occ O2 1 beq %Concat("bl", i); 0.2

Yizd RUNDWNY x Al G a

site Cel occ Ce+4 1 beq %Concat("bl",i); 0.2
site Ol x 025 y 025 z 025 occ O2 1 beq =To_Prm(Concat("bl", i));

213.. T 200l Ul O G| W1J! 5 YI Tt

The dummy keyword reads a word from the input stream. dummy_prm is similar except it
reads parameter dependent text. For example, the following purple text is loaded by
dummy_prm and is ignored by the Kernel.

load xo dummy prm |

{
10 = 1/Max(0.00023, 0.0001); min 10 max = Val 2; @ 100

214 A¢1 ¢ AW IUEOE Y | 1) i@l qR RE

When do_errors is defined, parameter errors and the correlation matrix are generated at the
end of refinement, see also section 4.9dkrrors are appended to parameter values as follows:

a lp 5.4031 _0.0012

Here the errorin Ip is 0.0012. The correlation matrix is identified by C_matrix_normalized,; it is
appendedto the OUTfile if it does not already exist, or updated if it does exist.

2.15...? 13'n d@€chl a¢ O ) B (MR GpHf ~ %~N 1kF ~ %~N 7

Parameters with internal default min/max attribute s are shown in Table 2-1. These limits avoid

invalid numerical operations and equally important they stabilize refinement by directing the
minimization process towards lower ...[# ¢ o HIE | i RARIGHI2 Y RH dJIOG W R A (0
Rild) I EBIc | ¢ LB @ 18 1Y AHIR qUiLR ¢ UID4Jl 1RUWD 0'n R ULR G B U dyspRAéfihed
minamax limits override default limits. Parameters defined using prmdocal B Y 2lfli il 1J'n RUJ 13T
5 Rlg @il 1 Riihidriax limitsHpe U # q R ¥R o WiRI&GH GdRGAl 1M 6iabid] U TIE A HHLLY

I 13'n ARIER A EIOf GapSURIE (R G G Y |hofdf#IR U6 BDWdl Ghiink defined within this file

have minanax limits. For example, the CS L macro defines a crystallite size parameter with a
minamax Y mQd! Ul M MIMINUAG 1) H o RIPMPIG ! GOR dnidg R R W R WD i & 1aa)d 113c0Cap
1J qitiity 6 16 aJ’n RAOOINLD) ¥ 6 LICRR CUR GR T 13 U @ AR Chin RO 1 Hbe~ fRk~ f xmEbLlY LU
Baxf~ Rk~ Rvib G G 1J Ul N AL@Ic | ¢ O @ GUBE 1oy It & YoULIh M AR O Mg RIENDI 1O
N6 kil ¢ | UIROWBWE Gd 11132 R (B LIMIT warningsto

N A IR n ¢lE @i lgic QD REKIR
Acl ¢ gl g RU Oc¢#+
la NJP ZNal S
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~ ) NI Milidal-@He B

lo ~ ¢ MMl Bllal A N

lhAg M@ M N P

ashst ~ ¢ N0 D¥aLHMHY B NHU M¥a | Ll P

alshefha ~ ¢ INiial il Vall8e

scale NJN N

sh_Cij_prm ELLF Bval S Z1UA wval iKY

occ M =Nal N

beq ~¢ P\bMdalpN M ~ R 51 MalaN M

pv_fwhm#hlsh24d NJ> 2 Val + 20Peak Calcula-

spv_h1skpv_h2 tion_Step

pv_lorsspv_[156pv 12 M N

mlsn2 MO P oM

d NJ=

X0 ~ ¢ XLANallim Mreak Calcula- | ~ R) X2sMalli@ Mpeak Calcu-
tion_Stepb lation_Stepb

| NJN N

zmatrix 1R ¢ UR | ~¢ MMallids =NVal

z matrixec Una 1J Valltld M Valled M

rotate VallilN Y M ValleN Y M

xHAashasla ValifiNg 1J q bl € b Vall|iNg 1J q bl € b

ystb shb sib VallfiNg 1J a] bl H b ValiNg 1J g bl A b

zAAcHcqic ValliiNg 1J q bl H b ValleiNg 1J q bl H b

ullsi2254133 Val i ia L MARELHHLHD P Val it iz L AR E YL P

ul2su135723 Val i ia L MAREARHHLHD = P Val it iz L MAARSEH-EHSE = P

filament_length

MU MM N

=Nal BN

sample_length&eceiving_slit_lengthHorimary_soller_angle$secondary_soller_angle

2.16.. A1 D@ Te a1t

Table 2-2 and Table 2-4 lists reserved parameter names that are internally updated when
needed. Table 2-3 details dependences for certain reserved parameter names. An exception
is thrown when a reserved parameter name is used for a User defined parameter name. An
example for weighting using the reserved parameter names of Yobs, Ycalc and Xis as follows:

weighting = Abs( Yobs- Ycalc ) / (Max( Yobs+Ycalc ,1) Max(Yobs,1) Sin( X Deg / 2));

N A BB 1)1 200 | ¢ QUi oKD

can

A star, B_star, C_star

19 Parameters
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Change Returns the changein a parameter at the end of a refinement it-
eration. Changecan only appearin the equations update and
stop_when.

D_spacing 9Y | HGIY Uidy iy 6l G ¢ H B @101 610 1J €UR PO

H SHKISHL KM 6 oUWl 2 G o R @ ® BHEOE @ €HO

ltersi0yclesiOycle lter | AlJ q & liy Gl | IR0 Sy diRey | Ol Gl dide | I
Raq 1D 1 ey qa e | H10 GHGHaE 1) H o RIe Al 5aR U

Jhue ¢clagAR Y U
Lam 9Y,| HGIY Uidy ] G310 2 13 G L I i) Gt RR G0 Y [ R 1J
5 Rldj G0l Hdpl ¢ G2 11O
LpasiLpbsiLbc 9Y | HGIY Uidy iy Gatdhidl UELGH ¢ oyl & I ¢ Gt W &BEA) H q R 2
Mi UR q 1J 2 Jofiv ¥l 2 O o R GHBIRE SROIE £ (1 i

N§ A EWMl+ ¢ o BE G110
Peak Calculation_Step @ AlJ q ddj Gitdc 0 F 2 libe | WEFGEYEEEIS 1) €1 W calcula-

tion_steptO

QR Removedsl 9¢ (H LB 1J [RIG dddick refine_removelld hue

QR Num_Times_Consecutively Small @ RY U0

RIRi N6 Wik ¢ UlRIDG 5 W) MR oumdl Old (R of 1 LR} N IR i 6.
IJ hue ¢ I6p B ¥ Mitomic_interaction fblox_interactionlél Uldjrs_in-
teractiontO

RpSRs A ROWOHIAY UM&ARNM | ¢ o Vi DRIEEIIIH q R 2 13 C

T Y | HGIY Widy i Gitde | NdjldoWh of 13 | S ol L& 13 TR W] @dru 2
a RHYo0

Th OV | HGIY Ul i S0 ¢ 1 5 MAGRDG T 1R b 0il) € Hi

XSEK1 SO Y | HGIY Uidy M) AliII) G2 | LBE + ) Gk cldl WGid) QOO fhj &l

HC LR 15 1J H q RX@RUE 1) MR it objbL hue ¢ tald Y &
5 1J R N ddnre & Ry Wik ¢ U L2t 1) IR tkddlll 13 G 13 UL
Jhue ¢ qRYUIO

Xo v | HIGIY Ulhy ¥y die | ILEIEE YR o @hYSR Y It & YU
=NSIL 13 N oY dll ¢ e
Val AlJ q 4 lit] A3 OverJAHIY It & YIU TIRAJING GLW a 11 HO

Yobssircalc BeigmaYobs  §H 13| 2MICT G H 2 @G IR G diy B9 0 TIE 21 R 1R g Al
FEUH 12 IR a8 RN didque @i RY U 1O
N HEOAC | ¢ O 1Janddid 6 13 |1VE @ 6 616 13 €dil 19 G1I U T HiUEoidd Y s O 1o

Keywords that can be a function of H, K, L, M, Xo, Th and D_spacing.

lor_fwhm user_defined_convolution phase_out, phase_out X
gauss_fwhm th2_offset scale_top_peak
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hat scale_pks set_top_peak area
one_on_x_conv hl, h2, m1, m2
exp_conv_const spv_h1, spv_h2, spv 11, spv_I2

ymin_on_ymax
ladoAhAg
modify_peak eqgn
current_peak min_x
current_peak _max_x

circles_conv pv_lorspv_fwhm
stacked_hats_conv pk_xo

N H EIXAS €1IR U qRIGINI | 260d | ¢ G G0
caun 20t #HI RGqRYU
AO1SHN1 1RO SHR11 OHJ Th YN GY oyl ReUHM e HlAIY df EHAIGI n ARl ¢ fay
£20-5¢ ¢ ULL20-5H @k 1J Lop LG ¢ AUt _F2_Detailsllc UL
Out_A01 All BO1 B11HMI

lobs_no_scale_pks AlJ q & iy GYIAJ | 2ARIT q 1J NR (& sil@dNEIE 61610 1) eiitULR o
lobs_no_scale_pkslih Yit5 61¢16G 1) (EIRLEF ¢ O H 2 L2dR djiltip B
AR qBIIETY GFRSGYR Y U O @A e 1

Nobs_no_scale_pkslLIJ qaaIeHiBﬁ%ﬁﬁUJ

5 6 UIAHRIG A0061¢10 1) 60 ¢ O H 216 dj GHET+ 8 YR o B
K6 Wk O O ¢ afRN £ qiaild i GHE +18 + olld i Gad1) koL
N Y il & A¥MIAD | 20T tyi2 & Wl ibbs no_scale pkslH 1J Rl
¢ GGl Y #+ Ritheeldflifliio | scale_pkstO

|_no_scale_pks N6 WD a 13 N IRUohRUKIIR qp dsvake gpkslll hue ¢ iaiiRE U
N_no_scale_pkslIJ gosiledl
|_after_scale pks N6 W a 13 N IR RUBIIR léle pkslld hue ¢ 1atRGYGT R IIT

N_after_scale pksllll1]) qasledl] 1J @lbiscale pksb
| 1JatéatjldHUz G 2 @ o R¥EdXERle pksll hue ¢ ladtRGYGIR
¢l@ 6t eIo

NI Y I & NOW g il thk) 1ssBkb Isidl Oldll [SIG 63 Y BMILE (~ib Yailr i3 61 ¢3 O

2.17...é clliv® 6 ¢ UIDIot 1182 0ic aua @11

VallRIEW 10 | 2A00d | ¢ GUiD@dmdy It G YORIU dlve O 108 QM ¢ | ¢ alay 1@ 0N

| 1Jn R U @dahye@icnin | A6 | ¢ Glibanasy It & YI®R g aHS ¢ (eid ¢ | ¢ Gud g 1J |
¢ lo AW bl (R o 1J 1 16 d) R O 1 BARIOVAT R Uibigdihuz ¢t KMl can only be used in

the attribute equations min, max, del, update, stop_when and val_on_continue. Change can

only be used in the attribute equations update and stop_whenHBere are some examples:

min 0.0001
max = 100;
max = 2 Val + 0.1;
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del = Vval 0.1 + 0.1;

update = Val + Rand(0,1) Change;

stop _when = Abs( Change) < 0.000001;

val _on_continue = Val + Rand(-Pi, Pi);

X @0.1234 update = Val + 0.1 ArcTan( Change 10); min=Val -.2; max=Val +.2;

2171 ....... NSUWbaYeTl Wes WobWt 3! 5 Y1 T WeUT WEaqal RA2 qll W h

"load { }" allowsfor loading keywords of the same type by typing the keywords once, for exam-
ple, exclude in the following input segment:

xdd exclude 2022 exclude 3235 exclude 4547

can be rewritten using load { }" as follows:

xdd load exclude {202232354547}

fOWt YO UWHEet Ut AW qal RAz qldWihe ¢ aq RIWU LG ¢ 1 LB MIATLRIULLLK
iYsRURNa

prm t0.01 val_on_continue = Rand( - Pi, Pi); min 0.4 max 0.5
the prm will load the attribute. In the following, however,loadil R & @ LU imhamiaxditllanéold LR H e q 13t

load sh_Cij_prm {
y00 !sh_c00 1
y20  sh_c20 0.26202642 min 0 max 1
y40  sh_c40 0.06823548

In this caseload does not contain minanax and the parameter will load its attributes.

2172 ....... N6 DWbaGY2UxqYW3t ! sYI T bW 5YI 1

move_to provides a means of entering parameter attributes without having to first loathe
parameter, see Keep Atom_Within_Box macro. The site dependentADPs Keep PD macro,
defines minamax limits; here's part of that macro:

move_to ul2
min = - Sgrt(Get( ull) Get( u22));
max = Sqrt(Get( ull) Get( u22));

$keyword ofmove_to can be anyobject in the internal data tree
218... eqYUOUcqRHCOGGO! W ¢ 2 RUDN WAHI shudi1d¢asIIR U N WG ¢

[load_save locald Examples
NEENx Ef «8A RPE EpES 9 x EHdf A
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ceqVYOGcqRHcOO! Wt ¢2137T We UT W o YeTl WUibadlsave lhdaldiA! Iprue 13U

sYI T HOW YI W3¢ aGada

load_save_locals
xdd j
str j phase_name pl
str j phase_name p2
for strs {
site Cal x 0; 9TP S} TUV

}

f U6 NWe HY 2 DSl A 0D WaB WGy mAcqu WGe |l ¢ G 1qldl + Wi 13y
Hé6c¢cl ¢HqIl OWe Ys W21 AWy Ud! wyvwywzeéede JWRY W WnRUPT W
load_save localdd ¢ UWH I Wea + T Waq VLW ¢ 2 1JWHY & & Bl& oI YLhoRYHLLIALLL
§ONX®MROWDWUF+FquUUt RYUWEUWI Wl 2UURUNWq6 W AWnNRGUA
He 0 DA frandhfioe file exists thenpe | ¢ G 13 aq IJIC IUR¢UT &3 T Wn WS I WG @ Wiin R
HYGRIJAMI[ f x B#0E KA x E fwhdh edrameter values are kept after refinemen@il p

| ¢GRI DUqRN RAAH RIG W WG & @we UT Waé 1JWG A ¢ ThlRID (UL oL O
q 6rdriglelll 2 G A 1J¢ THRY 12Ua ¥ WA x [ fOLLE HoEakIJ | U aylliR 2JIGW!IOA W & 6 WLl 1J! 5
xdd tagit¢ UWH W We t+ 13T Wa Y WR linsldadioRthexdilfijednBnsEade aunbe¢OLINIG Rt LW
Rt We t 13 xedib RS @Ik G 19+ Wel W6 W ¢ G uWet WRUWa6 WJWn Y i

XDD(.. \ ceo2) finish_X XS i
XDD(.. \ ceo2) start X XS § 19E= >AD= F9E= 9K >AJKL P<<| F==«<

prm i0

for xdds {
xdd_tag = Load_Eval(i);
existing_prm i+=1;

}
Agct IJWU¢ a1t Ws RepdlRIWOITC LG Y LoFRIFHHGER Ri2 IJOWN G 1JWx YET x E 2
Gel ¢l WRWs 6 30WaYeT RU Ml A ikdtE Ao o 6 60 YUI2 16 1 Y il
G 1Jq 1) WIXse @G @pESAdL x EHRF , défines allrefined values as local and is as fol-
lows:
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load_save_locals
do_errors
XDD(.. \ ceo2) finish_X 50 str phase_name pl str phase_name p2
XDD(.. \ ceo2) start X 50 str phase_name p3 str phase_name p4
prm i0
for xdds {
xdd_tag = Load_Eval(Concat("tag", i)); a #N9DM9L= GF DG9c<
existing_prm i+=1;
CuKa2(0.0001)
Radius(173)
LP_Factor(17)
Full_Axial_Model(12, 20, 12, 5.1, $sl 5)
Divergence(1)
Slit_Width(0.1)
Zero_Error( $ze, 0)
bkg $bkg 00000
One_on_X($onex,0) & 2 @AK AK 9 >ALe8G: B H@9K= O@A; @ GOFK L¢
for strs {
space_group FM3M
scale $sc 0.001
Cubic( $a 5.4102)
site Cel occ Ce+4 1 beq $bl 0.5
site Ol x 025 y 025 z 025 wocc O2 1 beq $bl 0.5
CS_L($cs, 100)

The above is the simplest way of refining on many similadds.

219..0t RUNDWG YHec G WgYWet +t Rt quwROWet RUNWwBNYI
The following parameters have global scope:

march_dollase $Name
spherical_harmonics_hkl $Name
sites_geometry $Name
sites_distance $Name

sites_angle $Name

sites_flatten $Name

The march_dollase parameter, as used in thePOmacro, can be constrained to the same value

across two or more structures by giving them the same namelo have two different parame-

ters, the $ can be used to make the parametelocal to the str,seeA§g9 § ENA @ AEp
NEndMg] 8§ AtOnthdNEENXx Ef "A-§88EE NA direcr, for example:

str j strj
for strs {P Q($po1,0.8,,104) }

The $Name inspherical_harmonics_hkl is local but the spherical harmonics coefficients are
global. In the following:

PO_Spherical_ Harmonics(sh2,8 load sh_Cij_prm {
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k0O Ish2_c00 1.0000
ka1l sh2_c41 0.1000
k61 sh2_c61 -0.2000
k62 sh2_c62 0.3000
k81 sh2_c81  -0.4000

b

the sh2 parameter is local to thestr and the coefficients k0O, k41 etc... are globalThis allows
the constraining of coefficients across different structures within tor strsk seeA§ EB § p
ENA fo AR NEdASAL § AIONtheNEENX Ef AR SEENA direcory.

rror

2.20..Yextp DG UT 1@k DG UT i1

[out_dependences $user_string]
[out_dependences_for $user_string $object_name]

out_dependences outputs dependences for the most previously defined prm or local. For ex-
ample, the following:

iters 1
1 prme 1l prm f 1

prm d

prm c e + f

prm b = d + €

prm a = b + c;

out _dependences a_tag
penalty = a"2;

produces on refinement termination the following in standard output:

out _dependences a_tag prm_10
Object name followed by prm name

prm_10 e
prm_10 f
prm_10 d

out_dependents_for is similar except that it names an object that is not a parameter, for ex-
ample, the following lists independent refined parameters associated with the most recently
defined rigid body:

rigid out _dependents _for tag _1 rigid

Many $object_nameis can be tagged, these include x, y, z, occ, beq, ull, u22, u33, ul2, uls,
u23,a, b, c, al, be, ga, etc. In addition, non-parameters can be tagged, these include site, rigid,
sites_restrain, lat_prms, gauss_conv, lor_conv, all_scale_pks, th2_offset_eqn etc.
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221..N@lile sl 2 @WHI! s WU G| Y #IGHHINRIN R &1

[num_runs #]

[out_file = $E]

[system_before_save OUT{ $system commands }& B
[system_after_save OUT{ $system commands }¢é B

Typically, an INP file is run once; num_runs changess this behaviour where the refinement is
restarted and performed againuntil it is performed num_runs times. Information from one run
to the next can be exchangedvia the out keyword and the #include directive. The INP file is
read each Run but not updated whenboth num_runs>1andout_file isempty. Equations could
simplify to a constantduring a run, or indeed, the Constant function can be used such that a
parameter is not refined. From N FOE fariel Launch mode the Rwp graphical plot is appended
such that it looks like continue_after_convergence.The following INP segment:

num_runs 10
yobs _eqn aac##Run _Number##.xy = Gauss(Run _Number, 1 + Run_Number);
min -2 max 20 del 0.01

produces on execution the following:

TOPAS-Academic-64 V7 - [aacOxy ..]

File View Fit Llaunch Tools Window Help FHEHDEN>> - & x
=+ 2 y 8 el £ 2
DS BPES A NMAVYELDTLE x v M Mh & LMK S o
' Global " Path Conv.step/X Calcstep File Stats » M % v 4 '_‘\' Vi
IE aac0.xy — - o # N
] aaclxy Global Stats/Convergence criterion GUI Text Rpt/Text --- 0.021 seconds --- &
Displa Path )
(8] aac2.xy L Total time: 8.235603964
IE aac3.xy 1 M~ aacl.xy
aacd.xy 2 v aaclxy Runs finished, INP file not saved
v
W] aacs.xy v |3 ' aac2xy —— 1l
=1 ” M g # Launch Mode: C:\c\t5\test_examples\num_runs\run0.inp
Create Indexing Range ~ 4 v aacdxy »-IL 1005 - -
Create Charge-Flipping Range 5 [ aacdxy B N
Load Emission Profile for Selected | ¥ 6 ' aacsxy 100
< > . AR v 0
0.8
0.6
0.4
0.2
0 e — N —— eI
-2 -1 o 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 168 19 21
X = 8.054372 y = 0.9113944 d = 10.96825

out_file determines the name of the output file updated on refinement termination. The OUT
file comprises the INPfile but with parameter values updated. out_file defaults to the name of
the INPfile but with an OUTextension. If num_runsis greaterthan 1, and out_file is not defined,
then no OUTfile is saved. This can speed up refinements when an OUTfile is not needed.
out_file is an equation that needs to evaluate to a string; here are some examples:

out _file aac.out a8 This will throw an exception

out _file = aac.out; a8 This will throw an exception

out _file = "aac.out"

out _file = String(aac.out);

out file = If(Get(r _wp) < 10, "aac.out", ");

out _file = If(Get(r _wp) < 10, Concat(String(INP _File), “ouT"), ")
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The standard macro Save Best uses out_file as follows:

macro Save_Best {
#f (Run_Number == 0)
prm Best _Rwp_ = 9999;
#else
prm Best _Rwp = #include Best _Rwp .txt;

#endif
out Best _Rwp .txt  Out(If(Get(r _wp) < Best _Rwp, Get(r _wp), Best _Rwp))
out file = If(Get(r _wp) < Best _Rwp_, Concat(String(INP _File),".oUT"), ");

system_before_save OUTexecutes system commands defined in $system_commands string
just before the *. OUTfile is updated. The system commands are executed from the directory
of the INP file. $system_commands can comprise any operating system commands. The
macro Backup_INPuses system _before save OUT:itisdefinedinN§ A E & 9

macro Backup _INP {
system _before _save OUT {
copy INP_File##.inp INP _File##.backup
}

system_after save OUT executes the system commands defined in $system_commands
string just after the *. OUTfile is updated.

2211 ....... A1t 1 Idipel A ey a 13+
The following are internally generatedmacros that can be used in INPfiles.

ROOT: Returns the root directory of the program.

INP_File : Returns current INP file name without a path or extension.
Run_Number : Returns the current run number.

File_Can_Open($file) : Returns 1if $file can be opened or 0 of it can't be opened.

Running an INPfile called 9 tofromA 98 fi where 9 HOEomprises:
ROOTINP_File Run_Number File _Can_Open(aac.xy)
and 9 Herists will produce in N 9 FOxtBe]following:

c: \topas -6\ aac 0 1

2.21.2....... N 6ud i RIRd 1J i IR 12 ¢idf R U Miic =1 Vi

#list creates arrays of macros than can be expandeddepending on the value of animplied ar-
gument. For example, the following creates three arrays of macros called File_Name, Temper-
ature and Time.
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#list File _Name & Temperature(, & la) Time {
File0001.xy 300 0.0
{ File0002 .xy } 320 10.2 a Line with curly brackets
File0003.xy 340 21.0
File0017.xy { 360 + la } 289 @ Line with curly brackets
File0107.xy 380 101.2 }

The actual macro invoked depends on the first argument of the macro. The first argument is
implied in the case of Fle_Name and Time. In the case of Temperature, the first argumentis
the implied argument. When the macro is invoked the first argument is a #type equation that
must equate to an integer; herets an example for File_Name:

xdd File _Name(Run_Number)

Curly brackets, as seenin the above#list, can be used as delimiters; the following:
File _Name(1)

Temperature(1,)
Temperature(3, Get(la) + 0.01)

produces on expansiona
File0002  .xy

(320)
(360 + (Get(la) + 0.01))

Using curly brackets as delimiters allow for curly brackets themselves to be part of the macro
body.

2.21.3 ....... ] JagqRUNWa6 1JWU e anddIR HLFRUEINAR ookl WR O We W

During the preprocessor phase of loading INP files#list_n returns the number of items in a
#list; for example:

#list  Files { filel.xdd file2.xdd file3.xdd }
Create_XDDs(#list_n Files)

221.4 ... N6R@ 3| RitI HIf B@ B 1 R AlFEGRItY
The File_Variable macro can be used to run a series of runs with initial parameters values

changingin a user defined manner between runs; the macro is definedin N§ A E I fol-9
lows:
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macro File _Variable(c, X_start, dx) {
#f (Run_Number == 0)
#prm ¢ = x_start;

telse

#prm ¢ = #include  c##.ixt;
#endif
#prm c##_next = ¢ + dx;

out c##itxt  Out( #out c##_next)

Using File_Variable as followsa

File _Variable(occ, 0, 0.1)

will generate a file called § 9 9 HOfbii édch Run with values ranging from 0.1 to 1 in steps of
0.1. A#prm is defined each run with the corresponding values. #out can be used to place the
#prm in the INPfile, for example, the following:

iters 0

num_runs 11

File _Variable(occ, 0, 0.1)

macro Out_File { Occ##Run_Number##.0ut }
out _file

system _after _save OUT {
#f  (Run_Number)
type Out_File >> aac.out

#else
type Out_File > aac.out
#endif
}
yobs _egn laac.xy = 1,
min 10 max 50 del 0.01
CuKal(0.0001)
Out_X Ycalc ( occ##Run _Number##.xy )
STR(F_M 3_M)
scale @ 0.0014503208
Cubic(5.41)
site Cel occ Ce+4 = #out occ; beq 0.2028
site Ol x 025 y 025 z 025 occ O2 1 beq 0.5959

results in eleven*. XYfiles each generatedwith a different occupancy for the Cel site as de-
termined bythe occ #prm. The names of the fileswould be § 9 MOft@§ 9 & kDA Additionally,
using system_after_save OUTthe file 9 o8l Fontain a concatenation of all the *.OUT
files. To iterate over two variables, pa and pb say, then the File_Variables macro, defined in
N§A E®t 9
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macro File _Variables(a, al, a2, da, b, bl, b2, db) {
#f (Run_Number == 0)
#prm a = al;
#prm b = bl;
telse
#prm a = #include  a##.txt;
#prm b = #include  b##.txt;
#endif
#prm a##_next = If(b >= b2, a + da, a);
#prm b##_next = If(b >= b2, bl, b + db);
out a##.txt  Out( #out a##_next)
out b##f.txt  Out( #out b##_next)

can be used as follows:

iters 0

num_runs 36

File _Variables(pa, 0, 1, 0.2, pb, 0, 1, 0.2)

prm !pa = #out pa; prm !pb = #out pb;

out papb.txt  append
out _record out_eqn = pa; out_fmt "(%.1f,
out _record out_eqgn = pb; out _fmt "%.1f)
#if (pb == 1) Out_String(" \n") #endif

On runningthe abovethe A A 7 8 ftdvtains:

(00, 00) (0.0, 02) (00, 04) (0.0, 06) (00, 08) (0.0, 1.0)
(02, 00) (02, 02) (02, 04) (02, 06) (02, 08) (0.2, 1.0)
(0.4, 00) (0.4, 02) (0.4, 04) (04, 06) (04, 08) (0.4, 1.0)
(06, 00) (06, 02) (06 04) (0.6 06) (06, 08) (0.6 1.0)
(08, 00) (08 02 (08 04) (0.8 06) (08 08 (08 1.0
(10, 00) (1.0, 02) (1.0, 04) (1.0, 06) (1.0, 08) (L0, 1.0)

2.22...f Un1Jt G]RUI’JLLI’n RGIJt LLII'?UG]VLIJC U Wf Aln RO 1JWe ¢
[#ingesti$file]

#ingesiR € WEIIIXV HIIt + YI WEYGG¢c Ul Wa6 ¢ U LMK GLRIIH dLfc EGinlRal 13 WR U

xdd j
str i
#ingest  common_str.txt

N6WUWYeqGe qWnRIWWs RIGWHYUq¢ RUWgS6 WWRUNIIY qT Wald# q
RUNDWUY qUT WnROWY Wel YWagl WeqlT Wet WGE! quWYnWagd WYl RN
AuWe Wne URqRYUOWY WG ¢ HI Y 1O
223.MmI0Fqll Ulg RUNDAID+ qJI UcdWwf AWnRGIIY
[#external_INP$file] Examples

NEENx Efi rE-AANKEEAE & Rx A AIC
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#external INPRE WIEI 1Y H#IJt + VI WEHYGG¢c Ul W6 ¢ UWRUHG 2T 13t Waé6 1JLWn
5sRa6Ye qWRUNIUt qRUN Wq 6 13 Wa 1 MIdPEIR &) & 19 LG 6 6) IO + R YWE R h HOR
qYWsgONWe UT W6 WWEYUqUWUqt WYnWagdé Rt Ws ONWNRGWWe GT ¢ ql
Rt Wet WnYddaYst a

xdd j
#external _INP instrument.inp
#external_INP str.inp

#external _INRH ¢ H WU 1J U#exMterna) IINRbLIRIG 13 LLH ¢ Abuidandl Undpdd R O 1l ¢ Bon R G 1J W
Hec UWAHDWe Wne UqRYUWYnWAacH Y OWI 61 J0WI 2 GEkRU N WX ¢ 2 |
nal INRE ONWN RO I+ Wel uwl 30ea T Wa Y W q Ak GUR & dLdgye YW B 13 1 b
RUWgq6WWeEnNnnRI G¢cqR21JIO
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3..EAOSNIBAEA NBA®O N E

Rt ABHBG 1) | ¢l UlH 2 U QIR ¢ OV IREIN 2 ¢ AURAIILI OR of RIBUD T, FORE
0 hue ¢ ot 2 O FE 10 I 10 h RECEN Te QUG doHD

Arithmetic

D
H

Conditional
¢l 1A
clyA Ll
¢l 1
CLEA
CLH 1

U1 skl
S| i)
Mathematical

| ¥Vibl+ b

| BRUbl ¥ b

| @ Ubl # b

| /@ Boi% b
OVibl ¥ b
OVt4 bl ¥ b
BXnGGI| Y+b#$b
Erfc_Approx
E+ Gbl ¥ b
Gamma_Approx(x)
Gamma_Ln_Approx(x)
] ¢ G G AoidH b
] ¢ G 0>AbIBH b
xU bl # b
ERUbI# b
ERUG bl # b
Erul g bl* b
N Ubl# b
N UG bl #b

Special

Al tHR) ez O ofiRFSE 2 10 qURYEW d) R [ALdHT
+HOCHUF 2 G ¢ q It LW# LIGAY L 18 1 WEH & &) L e
$+H! HAWI Wei¥H! b H AAWWWWLWEF H ! ¥

AlJ q 4 (INHiikal 1A

Al q 4 INEH

AlJ q 4 INEiityA

AlJ q 4 INFiibsA

AlJ q & Nl

AlJ q & INEith @IaG D 2 &0 Gy 131 Y

AlJ q & INEilin OoMl Y 11410 N e dRiyp8 11 Y

AlJ q & Ly BRI VIV BN 1HE LN

AlJ q & iy GHIHR RN HE 1IN

AlJ q & ity Ga aFc U midssl

Returns arc tangent of y/x

AlJ q & i) GHIVR Wik

Hyperbolic cosine

B It¥d URqRYU

Complementary error function

AlJ q d iy QU GY U Ui &if B4 G

AlJ q ddf aflg G G [ b

Returns the natural logarithm of the gammafunction
Returns the incomplete Gamma function P(a, x)
Returns the incomplete Gamma function Q(a, x)=1-P(a,x)
AlJ q @ liy Qi q HillYdIE 1Ykkda 6 G

AlJ q @ Iy GHE U b

Hyperbolic sine

AlJ q & iy GEOVR q 221 EL NIY q

AlJ q 4 tf Gapdc U midsed q

Hyperbolic tangent

[Y ML LM LA S LA N SRR b
JUqui3t 13! 5 Y1 T ] 1Jidd) GGXK | ¢ Gidb dy 18R BRI 6 13! 5 Y I 1
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fn bl 7Y U T x@HGAR 10 Gl 1043 10 10 ad ¢180) U b
Ez 0 bl 19tpadl At oxB A U R ) $HEY WOR ARbdgy RBIROCCHD 110 1 O e
Miscellaneous

Hbl ¥ b AlJ q & iy BHIAY G aPiop | DYEk)

71 Wet 9¢ UH L2t 1) Ly Ny 191 & RIDE MG G WUR WG hue ¢ td
atomic_interaction filox_interactionldl Uldks_interaction O

71 1I%9t HT 1 9¢ (H A I 171 G RekibGngrient cycleHRY I # ¢ O @i L

n RU D GGl W 01 ¢ R & 13 0 @ GAC Oikhi
G 13 U atkinnY Gt@a Y s

atomic _interaction ai = (R- 1.3)"2;

penalty = If(ai > 5, Break _Cycle , 0);

9 YUH#HCE qbl¢ 9LWHAY Concatenates strings; the arguments can be parameters ol
strings. If an argument, then the value of the parameter is cor
verted to a string.

B 1Yl biGb Adgel Ot Wett YRHRCEGqIT WL 1T Y1 WY ™n LW
ClIVId T xHE2c¢ bl E2¢Tecqldt WHWYUOWaYeT RUNWe UT WG
~c*bciHAARWL  AJgel Ut W6 WWa¢ WY nWedaWe!l Na
~RUbi¢sIHAHRWL AJgel Ut W6 WWiRWAIY N WedaWe!l Ne |

~YT s AW b Adgel Ut Wa6 WWEYT a & A1UMECHIILHE g & HOl]
Obj_There(a) Adge !l Ut WNWRNWYATWHqWH C KK F R «
Prm_There(a) Adgqel Ut WUNWRNIWGO God YHCE O W ¢ K LI -

Ac UT bi¢c AWASL Adgqel Ut WewWe URNYI GWIT W2 R¢ qliiml ¢ |
Ac UX YI G ¢ 0 b0 1IJ Returns a random number with a normal distribution with a
GUcOWYnh qoOWWe !l T W 2R qRYU
ROUI’]d(X) Examp|es; prm =Round(.1); : 0.00000
prm = Round(.5); : 0.00000
prm = Round(1.6); : 2.00000
prm = Round( -.1); : 0.00000
prm = Round( -.5); : 0.00000
prm = Round( - 1.6);: - 2.00000
NYx Al § bi¢ ALWHS Concatenates the arguments to form a parameter name and re
turns the corresponding parameter. If an argument is a parame
ter name, then the value of the parameter is converted to

string.
NYXxEql RUNbc¢ctE2¢cleccqllt W8 WWGe!l ¢Gqldl Whe Kk L
ERNUbl #b Adgel Ut Wgés Wt RNUWYn W+ AWY! WA

fOd T T Retty BiioYO0 G iz R BHEIRBIVG O DG W0 q T a
AB_Cyl_Corr(nR), AL_Cyl_Corr(nR)

AJ q & W@ Uy Yo ! 6 R Uk 10 RSHRAI@RIEEY | | 12ifoqFRRTIIEIEN © Sl 111l
ne UHGRY W 2113 RUl o dW) & ¢ #IWY Cylindrical | Correctionlll ¢ ULl
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Cylindrical_2Th_CorrectionHBf ¢ 0 @1 9 § A ADI O ¥l £l ¢J rHDIY 1816 Y ILEJH p
He | b6 61 M GER 2 RV | 1) Bae &tkpillary diameter_ mm convolutiontO

Bkg_at(x)
Aldgel Ut W6 WW2¢de WY nlaé 1JWbks HIE g6 8 WIEY & 0 & N0 LR I
Constant (expression)

E2 ¢ O ¢8I0k 16 IRIFAM U #3300 6 W00 G & ¢0ardtant(expressionsild Rlapa@gy | | 1Jp
tGY UTURAMIIA R FHEIIDII nlE & [WPJAWF G 1) Hid 13 REE C | ¢ AWRIGDURN Rp
H# ¢ Ulh 6 h Liadc abendill 1 G 1J UL e ¢ @R 8 (W + ¢ O L dIDF Exponentiallll

de¢ H#l YO

Ln_Normal _x_at_CD(u, s, v, toll)

Returns x value of a Ln normal distribution such that x is at the Cumulative Distribution

value of fedkwhere u and s are the mean and standard deviation of the variablets natural

logarithm. x is calculated with a tolerance in 'cd' of 'toll'; see NE BB\~ Ak BEm p
§ A~ pNof IO A

PV _Lor_from _GL(gauss FWHM, lorentzian_F\WWHM)
AlJq d b GHY | 13U aARIanU  Rbbil Gy RY TBY R @ G 1 Y + RufdE Gl RUD @ 1JLL 1)
Nctek[ 1 c @ Ol Y1 1 WfaiAdRE UJAUS ¢ Him dlé & R deO0ky | 19 0 ag A Rp U
2 Y O dajaii v 1dj @Y R 0D q O

Sites_Geometry_Distance($Name)

Sites_Geometry_Angle($Name)
Sites_Geometry_Dihedral_Angle($Name)

Value_at_X(object, X) : Returns the value obbject at X= x.object could be a parameter or a
user_yobject. For example, to ensure background is close to the high angle end of a pat-
tern during PDFgeneration, the following could be implemented:

user_y u capillary.xy

fit_obj = (p0 + p1 X) u;
bkg @000
penalty  =1000 (Bkg_at(X2) + (p0 + p1 X2) Value_at_X(u, X2) - Yobs_at(X2))"2;

Voigt_Integral _Breadth _GL(gauss FWHM, lorentzian_FWHM)

AlJ q & lig GRI0 ap 1ED 1 1X6cli Hdn & ofti Up@HIY U 2 Y Tndbidey R daslRIapd | WU @A Re U
5 RS c HYm clek] i cl UV | DU sfARMIGIHqR2 J0! 1O

Voigt FWHM_GL(gauss FWHM, lorentzian_FWHM)

AlJ q @ lhj G8Y RID g c 12 O oiRIUEGHDY U 2 Y ifdit]iR ¥ & dsOR@EY | DU @A Re U
5 RIj6 c HYmM ctek[ 1 c il Uy | DU sfARMIGIIHqR21J0! 1O

Yobs_Avgxl, x2)
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Returns the average value ofobsbetween x1 and x2. x1 and X2 is first set to the closest
x-axis data point.

Ycalc_at(x)
Returns the value ofYcalc at x. Zero is returned if x X1or x> X2
Yobs_at(#x)

AlJ q @ iy @¥Sbsidl ¢ Odbdj B # 6 YR o B S$EGE 1D 1A 10 TR @80 BHdil 10 G 1I Ol W& @ p
q RYoU

Yobs_dx_at(#x)
A q @ iy Gl I HE Ay AHIAD | A0 W @ OHE + 16 YR o I S6c U L2 1 IR IE 0
xddL 13 G 13 UL kv & o)ty dlg 1ME AR d#E + LRI huati|]ic B ¢ Wabs_dx_atlRLL
H#Y U2 1 iaEyia ¢y i 6 YU T R dak 1ME ARl dide g ¢ HO

Yobs_Min(x1, x2)

Returns the mnimum value of Yobsbetween x1 and x2.

3.1...b a0l 13t ditbac qdad 130 qt
Bl ¢ a7 19 CiHICIER2 ) IRIT ¢ | ¢ GUDhgdld fopRYE ¢ G GO Ja

prm a 0.1 prm b 0.1
lor _fwhm = If(Mod( H, 2) == 0, a Tan(Th), b Tan( Th));

Bl ¢ EHOVIA W Koy 1&T
prm cs 200 update = If( Val < 10, 10, If( Val > 10000, 10000, Val));

[Y ki & Ml 6 i 1l O FRCRARCE olEE o) 1J o QIETHENELSE ENDIFID ¢ HHSY I 13 RUO 13T
RIUEE AEIOf BERCUDIEIIT a

IF a >b THEN

a 2 return  expression  value
ELSE

b @ return expression value
ENDIF

~Ritl OHe 8l e U H drrB@HURW hue ¢ ioiRYIS ¢ GG 1J

prm a 0.1 prm b 0.3
th2 offset = Min(Max(a, b, -0.2), 0.2);

32..[ GYcHRRBIKFIIGqRY Ut

aw + # 1) ERiRS Y Uikl UBtIR U 2 bl G R GG YRR | dRapRIHY o (FEROIO 11
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?R2 BWIAWI Y
Ehul  dibiatg
xU bl YHOM
| &V1 b1 il AHIGIN Y AN
E+ G g4+ o [ 1atH#IR 10| i - MM
Hok W [h Yk O Vi@ O qp 130 13 |
e U i e 0 o Reb) BRI b1 (LSRR
min/max equations, Min/Max functions or Hn fkinctions can be used to avoid invalid floating-

point operations. Equations can also be manipulated to yield valid floating-point operations,
for example, Exp(-1000) can be used in place of 1/Exp(1000).
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4..NclBf f~fu f8 s &NEE

TMnimization

[line_min] [use_extrapolation] [no_normal_equations] [use_LU]

sapproximate_Aé
[A_matrix_memory_allowed_in_Mbytes !E]
[A_matrix_elements_tollerance !E]
[A_matrix_report_on]

[approximate_A_check_for_must_be_zerén]

[chi2'E]

[chi2_convergence criteria |E]

[continue_after_convergence]

[bootstrap_errors 'Ecycles]
[fraction_of yobs to_resample !E]
[determine_values_from_samples]
[resample_from_current_ycalc]

sdo_errorse

[do_errors_include_restraints]

[do_errors_include_penalties]

sonly_penaltiese

spercent_zeros_before_sparse Alld &

spenaltyltEdOHDHO

spenalties_weighting_K1liEe

[pen_weight !E]

[quick_refine 'E[quick_refine_remove!E] ]

standomize_on_errorse

sestraintliffe

[save best_chi2]

[use LU for_errors]

Get(number_independent_parameters)

The Newton-Raphson non-linear least squares method is used by default with the Marquardt
method (1963) included for stability. The objective function ... is written as:

U
O0Mi Q. v 0 ©F Of HIlEb

o p
Loy O 0 L L Y B 0 Qf HIb

.2 and , gv are the observedand calculated data respectively at data point Y', a the number
of data points, gy the weighting givento data point Y" which for counting statistics is givenby
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By MKsQ e Blithere sQ 25Vis the error in | 23t Ljare penalty functions, defined using penalty
and bithe number of penalty functions. wyare restraints, defined using restraintZand b the
number of restraints. Y; and Yy are weights applied to the penalty functions and restraints re-
spectively. Yucorresponds to the user defined penalties_weighting_K1 (default value of 1), typ-
ical values rangefrom 0.1 to 2. Penalty functions and Restraints are minimized when observed
data , zis absent, seeexamplel®l x 0 AE Kf A

N6 Wil ¢ qli) R& ¢ fadR 830 U 17 1 laj) d#0e dili+ G & Oiibk L MO e | TR | @y I RILD
¢ | Y &adioc | ¢ G1a0Iq #E Yhie size of Georresponds to the number of independent pa-
rameters N. The penalty functions are expandedto a second order Taylor series around the
parameter vector G The restraints are expanded ay MIH Rl | TN | @Y I &) Y & (@IC p
| ¢ O |J3mIJOHIE EDE resulting matrix equations are:

IDGILL b

56 1J LU UMLLAAERLIALERL |5
¢ UL NN -ERA bR

0 0 T % T & WH 0 ®p Wf T & e
Tr] Tr] h h h Tn
5. U T o o Y 10
¢ Taty "¢ i
) T Y ) N %
0 f TR T

The Taylor coefficients DGcorresponds to changes in the parameters p. Eq. (4-4brepresents a
linear set of equations in DGthat are solved for each iteration of refinement. Off diagonalterms

in  are not calculated and are instead set to zero. ualél Ulliald! | IAJY tylBlaj KR i) AAIAI O #HilJ
Yi.& EAL ML YHD +dg) 6 I8JRI2E D Td) 0 RIE GG | Y HIURN atibddl R i Gie Gy ) 610
RU 2N WjYJIH LR A8)c | ¢ G Aldg(®)3 and sp(G)?, calculated from ... AT A libspec-
tively. Neglecting the off-diagonal terms results in sa(G)>=1/Awwand sp(G)>=1/As;i; however, to
avoid numerical stabilitie s Kp is written as shown in Eq. (4-6).

. N o ~ p8'[ 0 i Hi®b
v OQwp, pTm 05 hih

Ofr 07 0QE jOF AWBTL
thig Y G VIO R OT 19 G 1@d 113a00d & W latih 2 U SR M98 0 R S0 Ykl 186 ¢ 2 1J a

‘ s P8 O HTPrb
o Oy pT 6y M

O 07 0QMF jor BLUL
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ualdl Ot c )W Y T R R Whbn weightldl Oldj Qillde HIPeyi WtHBlen WtlH ¢t i izl i 13 p
n R WETHWM e Pen Wtatlll 1J'n R &R bil i@ Y AR n @Ra O q

macro Write _Pen_Wt(Aii, Ai, Pii, Pi) {
pen_weight = If(Pii < le- 14 Aii,0,1.05 Ali/(Pii+Aii Min(Pi/Ai, 0.05)));
}

dél UL Y It & YOOl Wheddl UlbhelI NG 10 H ) BRI Wikl 6 48 OUNH Y It G YUl Waddl UL
OskDY Mikldj 6 W@ ULl Y 1t & YOU Il Wheddd UlbhoHBS 150 | K | ¢ R SN Y | G 2 16t Blq 1JT
nYdtayYs

pen_weight = 1;

penalties _weighting _K1 = (Get(r _wp) / Get(r _exp))"2;
do_errors _include _restraints

save _best _chi2

restraint = Sgrt(w) (yt - y);

where Sgrt(w) is simply the square root of the restraint weight used by ShelX.

41...N6YUT e VB0 qiMRYO Y1

The Bounds Constrained Conjugate Gradient (BCCG method (Coelho, 2005) incorporating
minkmax limits is used for solving the normal equations; it assists in convergenceof the non-
linear least squares process. min/max limits are dynamically recalculated and used to during
the solution process. For example, to constrain site occupancies on three sites to full occu-
pancy with three atomic species, each with occupancy of 1, then the following could be de-
fined(seeNEKEN ~ABEE® & ENA o 1Of A

sitt Ni x 011 y 022 z 033 |HddINi niz 020000 min 0 max 1
occ Zr zrl 0.30000 min 0 max = 1 - nil;
occ Cacal =1 - nil - zrl; : 0.50000

site Zr x 021 y 0.32 z 0.43 occ Ni ni2 0.40000 min 0 max = 1 - nil;
occ Zr zr2 0.50000 min 0 max = 1 - ni2;

occ Caca2z =1 - ni2 - zr2; : 0.10000
site Cax 031 y 042 z 0.53 occ Ni ni3 =1 - nil - ni2; : 0.40000

occ Zr zr3 =1 - zrl - zr2; : 0.20000

occ Caca3 =1 - cal - caz; : 0.40000

a8 Occupancy on sites add up to 1

prm = nil + zrl + cal; : 1.00000
prm = ni2 + zr2 + ca2; : 1.00000
prm = ni3 + zr3 + ca3; : 1.00000
2 |Individual species add up to 1
prm = nil + ni2 + ni3; : 1.00000
prm = zrl + zr2 + zr3; : 1.00000
prm = cal + ca2 + ca3; : 1.00000

frid) LU ¢ g LRI Y& ¢ 4] 6 Wi LUE ¢ U &AH 10 DRWoR YUE 1301 Y & FeoyiR ih() b bl
q A0P 9l Y 2 aeREJ 1J ¥V & RCaYIR YHI Viddy| dihinomaxilil R CillReq)l 1@ &I G 2 @R W Bt
¢ UIRIEI T T RIERIYNE R AHEINTE qbl @ RHAE | WGl YAGUGY Ws Raé WamlYeat ¢ U
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O ¢HE WG YR U dRIANIGD 13 7 Y & FCoyiR ¢ BYIH W0 Y18 6 1JdilJe & AMIEc | ¢ G 1Jp
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The Marquardt (1963) method applies a scaling factor A, called the Marquardt constant, to the
diagonalelements of the  matrix when the solution to the normal equations of Eq. (5-4) fails
to reduce ...H B

rerrt ¢ HUBHEN-ER B

After applying the Marquardt constant, the normal equations are againsolved and ... li¢calcu-
lated. If ...IR U H | 1Joj d U8 itidlased and the scaling process repeated. Repeated failure
results in a verylarge Marquardt constant; taken to the limit the off-diagonal terms can be ig-
nored and the solution to the normal equations can be approximated as:

DGULIGHAI AN H b HTPYb

Improvements to the determination of theLevenberg-Marquardt constant ¢Coelho, 2018) has
been made. This is especially the case for objective functions that are far from quadratic and
when the BFGSmethod is used.

4.3..... GGl Y # Rudj GLtHIFE WnMHRGEAD] WEI) a6 Y T

approximate Al ¢ U 12 1J 4] 1 G G| Y HARALIE ¢ Id IBRID-AsH R o dajycuidy @i ¢ G He p
G CLoj QU ¢ gl K@ Y 1taofd GGl Y + RELA édp RNy @[ IO D g dadT Y ! Ty oA
N & Tl 1J o BFNGHJAINA G T TN o BilAC U (i YpsE LMPproximating A is useful when the cal-
culation of the matrix dot products is proving expensivedapproximate Alfi ¢ ! W¢ Gt YWRG Gl
HYU2 I BNUHKS OF A derSRN@E@GnaI n R U lddpidXinopie© A cannot be

used with line_min or use_extrapolationdThe single crystal refinement examplesof B @ Ap

A A spiitof andh Bp A A Apg FOf arelcases where the use of approximate A achieves con-
vergencein less time than with the fully calculated A matrix. When using approximate_ A, lihe

I matrix can be made sparse by defining A_matrix_memory_allowed_in_Mbytes and/or A ma-
trix_elements_tollerance. This allows for refinements with large numbers of independent pa-
rameters. A matrix_memory_allowed_in_Mbytes limits the memory used by the  matrix.

A matrix_elements_tollerance #tol removes elements in the matrix with values less than

#tol. The comparison is made againts normalized elements of such that Ai=1. Typical values

for #tol range from 0.0001 to 0.01. A matrix_memory_allowed_in_Mbytes and A matrix_ele-
ments_tollerance can be used simultanuously. A matrix_report_on displays the percentage

of non-zeroelementsinthe matrix.

44... . EVlqaqBEEW R+ WIJT 134 1J AN I0a 6 el aq VUL A 19 1a)Y

[approximate A check for_must_be zerg#n] = Example

NEENx En m-AAxBA® WNOf A
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In usingapproximate_A A-matrix elements that must-be-zero can still comprise norrzero val-
ues during the BFGS methodA; elements that must-be-zero include cases where parameter
pi and parameter p; are from different xdd patterns. The keyword approxi-
mate A check for _must_be zertest for zero A matrix elements and sets thento zero. This
improves convergence in large problemgsomprising 1000s ofxdds. Importantly, sparse matrix
methods are invoked and onlynon-zeroA-matrix elements are stored reduéng memory usage.
In caseswhere there are 1000s okdds, use ofapproximate A check for must be zeroften
negates the needfor A_matrix_memory allowed_in_Mbytes.

Checking for zero Amatrix elements requires a modest amount of computational effort; to
minimize this, the check is only performed up to the fiteration of a refinement cycle where n
is the number defined after theapproximate A check for_must _be zer&eyword. After the
n'" iteration, Aj elements that must-be-zero are set to those that were zero at the'hteration.
Example use is as follows:

approximate_A_check_must_be_zero = Cycle_lter < 4;
45.. . xRUMRURGO RAIVARY OGW &G ¢ GYTcqRYU

Line minimization, also known as the steepest decent method, is invoked using line_minHiy

uses a direction in parameter space givenby 2L & %0 minimizeon ... | /O] byadjust-

ing/dA¢ | ¢ O IBHd)ll ¢ G Ve extRayolhtonsl 131G ¢ | ¢ BV R B GV [l ddeRl Yol p

1J gt LW 2 U AL iR e O | Y quieiRia0l Foeldile A SlE.gH  "H "HIRWA RURGRA 1T
5 6 10 MG ¢ | o RORel T oOEni@Id) 10 | HshiR ¥ BH) b v o B Il b 0 O ! VL
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G ¢ 11 1) GG RGN IG ¢ | ¢ QDo €13 1 6 1JH YW & did 6 01 ¢ O BHaddll ¢ Gp
Yoc¢ uRY GUEIOR AP R G OUd 0 & AR, AT AHBC | ¢ O Wekidll ¢ GE 6 ey R Y U
2 I RIGFBUHK R & R Al oy RGrAiNaL aue i m Y U 2 1J | 060 Iiih RO 10 dct o R 1J
Y U GR BIR UR G R\ O R ¢ W I dPll ¢ G G cad| IR OY ORI & Yl Y Y i@l R U q
¢ Uldj & e ¢ U110 nis & 106U ¢ ol RS G 13d) Vilive Hi610 G Y UG ka0 | Ushikapid 13 G !
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mal_equations G| 1J 2 lij GiekjladF normal equations in the minimization routinetO
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penaltylll 13 ntREEIL U dhtieq Hiop &RUEF @B LHH 2 U AR Y U ¢ O Kidg 10 ¢ Osthie RALEH LU
HY @i 13 UIDI§E ¢ UEI niH Al ¢ H Rl BA R UHEEE 13 W ofiis19 u Ho I3 I UC G p
a Rdpi R U R ¥ @yAatly Hdl OB 6 R aptdj BV & AL £ & AnoA

prm x1 1 min -45 max 45 val _on_continue

prm x2 1 min -45 max 45 val _on_continue
prm x3 1 min -5.0 max 5.0 val _on_continue

Rand(-4.5, 45); del 0.01
Rand(-4.5, 45); del 0.01
Rand(-5.0, 50); del 0.01

a8 Hock and Schittkowski problem number 65 function
penalty = (x1 - x2)"2 + (1/9) (x1 + x2 - 102 + (x3 - 5)72; : 0

prm contraint 1 = x1"2 + x2"2 + x3"2;
penalty = If(contraint 1 < 48, 0, (contraint _1 - 48)"2); 0
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str
Cubic(lp _ceo2 5.41011)

CS L(cs _I, 200)
penalty = (Ip _ceo2 - 5.41011)"2;
penalty = (cs _| - 200)"2;

penalties_ weighting KL 1J niRIUEKIII R 1D didRRE0)ID- 36 16 A1) n 6l TURNG restraint
can be reformulated into a penalty by squaring the restraint, for example:

restraint =a (x - h)
Thisis equivalentto:
penalty = a2 (x - b)"2;

In the case of the restraint, the off-diagonalterms Agj are calculated when approximate_A(the
BFGS method) is not defined. In the case of the penalty the off-diagonal terms Asjj is set to
zero. Restraints often convergein less iterations than equivalent penalties due to the use of
the off-diagonalterms (compareA§ EE 7 AeMfuwihAS EE 7 A8 EENAKDT)AN
However, the time to convergence may be greater due to calculation of the off-diagonal re-
straint termsinthe matrix. Penalties are useful for functions that are not to be squared; these
include negative functions such as the GRS series atomic interaction (see x €8 Ak

O N & RpfFor eificiency the amatrix is treated as a sparse matrix which is combined with
(if it exists) where o could be either sparse or dense. When approximate A is used then the
off-diagonal elements of Wl Ullla¢ | WIYiHC O H 2 R ikhojJIEhj & I8 | IIG G| Y + BIALE q 1J1
a A0J il 1J q 6lbbpré@imate Awhenusedwith G 13 U ¢t I iR idy | & SRIG ap 1J Fl IR & 1D o !
q 618 GUNG | ¢ 1B (ol 1 oo @dld U ¢t ably BILY O G N s I ©10Will have similar but not
identical convergence.

a Case 1 a Case 2

approximate _A prm pl1 1 prm r1 1

prm pl 1 prm r1 1 penalty IP1 = 5"2 (pl1 - 7)"2;
penalty P1 = 5"2 (p1 - 7)"2; penalty P2 = 62 (pl1 - 8)"2;
penalty P2 = 672 (pl1 - 8)"2; penalty 'P3 = 772 (r1 - 9)"2;
restraint IR1 =7 (1 - 9) penalty P4 = 82 (r1 - 10)"2;

restraint IR2 =8 (1 - 10);

Diagonal element s of the A matri x
Pessan = (V2 H*(PL+P2)/Mp1? Aesen = (Y2)H2(P1+P2)/Hp12
Aran= (RL/Hr1)? + (MR2/r1y Apsnn = (V) W2(R12+R22)/ ir12

The difference in behaviour between penalties and restraints can be seen by comparing A § E p
E 7Agomf toAs EE 7 Al PAE E N A f. JaB00,000iterations, the former results
in 71 iterations on averageto convergenceand the latter 47 iterations on averageto conver-
gence. The restraints case converges faster as Arj elements are calculated. Approximating
Arj, by defining approximate A in ASEE 7 AR BPAEENA ff AA$0Its in fastest
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convergence, time wise, with 71 iterations on averageto convergence Many penalties how-
evercannot be formulated as arestraint, A E N A JH3 f8r example, and in these cases, pen-
alties are necessary.

4.7...~ B RO RN B ¢ MR 1

When there are no observed data or when only penalties is defined then by default the BFGS

method is used, see examples A EE 7 A ®u LAUHS 9O a6 RIJ@lc 2 RYea | WHe UL
Y211 1 RT T 13U Wik apinUiRY BEIULLacH &) BilignBIEIGS method typically converges

faster than line_min/use_extrapolation®

48...E¢ 2W I n REIDRITL ¢ *AII KDY R =
Values savedon termination of refinement are determined as follows:

9 If continue_after_convergenceis NOTdefined and save best_chi2is NOTdefined then val-
ues saved corresponds to those of the last iteration. LLI

9 If continue_after_convergenceis NOTdefined and save best_chi2 is defined then values
saved corresponds to those that gavethe best ...l

9 If continue_after_convergenceis defined and save best_chi2 is NOTdefined then values
saved corresponds to those that gavethe best Rwp. L

9 If continue_after_convergence and save best chi2 is defined then values saved corre-
sponds to those that gavethe best ... H

When there are no penalties or restraints then the best ... corresponds to the best Rwp.LU

49... El IHEIGHaGcqRYU

Estimated standard deviations for refined independent parameters are calculated at the end
of refinement. The correlation matrix, if defined using C_matrix_normalized, is updated. Oth-
erwise, the correlation matrixis created and appendedto the OUTfile.

do_errors: Errors calculated; penalties and restraints NOTincluded inthe  matrix.
do_errors_include_restraints: Errors calculated; restraints included in the matrix.
do_errors_include_penalties: Errors calculated; penalties included inthe matrix.

4.10...E| liMIq )| & Ralic RARYRCOE Y Y o t Wl 1¢YGE 1

Singular Value Decomposition (SVD) is used forerrors determination. Theseerrors closely re-
semble those obtained by the boot strap method. bootstrap_errors are potentially more accu-
rate as parameter limits are considered, for example, the fact that intensities are positive is
not considered by matrix inversion. use LU for_errors forces the use of LU decomposition;
LU-decomposition results in very large errors for intensities that are 100% correlated. The
three means of determining errors are demonstrated in a Pawley refinement of Y>Os in the
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examples 6=8 O x O IOIMESOAE ¢ ? Hoand &8 O 7 § § N Kdbundiin the directory N E 6B\ p
~AxEEEEAASAE

bootstrap_errors use the bootstrap method of error determination (Efron & Tibshirani 1986,
DiCiccio & Efron 1996, Chernick 1999). Bootstrapping comprises a series of refinements each
with a fraction of Yobs modified to obtain a new bootstrap sample. The standard deviations of
the refined values then become the bootstrap errors. |Ecycles corresponds to the number of
refinement cycles to perform for bootstrapping, the default is 200. The resulting bootstrapping
errors are written to the OUTfile. fraction_of yobs_to_resample corresponds to the fraction of
the observed data that is to be replaced each refinement cycle, it defaults to 0.37. Replace-
ment data is, by default, obtained randomly from Ycalc as determined inthe first refinement
cycle. If resample_from_current_ycalc is defined, then replacement data are obtained from
the currently completed refinement cycle. The updated Yobs data is additionally modified
such that the changein Rwp is unchangedwith respect to the current Ycalc. Parameter values
used at the start of each refinement cycle are obtained from the end of the first refinement
cycle. val on_continue can additionlly be used to change parameter values at the start of a
cycle. If determine_values from_samples is defined, then parameter values at the end of
bootstrapping are updated with values determined from the bootstrapping refinement cycles.
Parameter values obtained at the end of each bootstrap refinement cycle is written to disk in
binary format. These values are then read and processed at the end of the bootstrap process
without storing the values in memory; the bootstrap process therefore has a small memory
footprint.

411..E| AV 1Y G¢ Nattqfmimg Ryl | Y I

Parameter errors determined outside of refinement can be included and propagated to de-
pendent parameters using prm_with_error. For example, consider the INP snippet (see
NEERn -~AREg f fEAASAYOf A

xo_ls
xo 01 =10t i
prm i 9.99999° _0.00065 min 1le-6
prm_with _error !t 1 .0.33
prm t_squared = t2; : 1.00000° _0.66000

Heretis defined using prm_with_error and with an error of 0.33; this erroris used in determin-
ing errors for dependent parameters, such ast_squared, that are a function of t.

412...% 1T I xt e WecUOT W*xT T xel |l ¢!

[xdd_array!'E] ... E+c OGO
[xdd_sum!F] ... NEENXx Ef mA-?AIxE EEAf NPE9 § Of A

xdd_arraycalculates and stores an array of values which can then be used in equations which
can in turn be a function of the reserved parameter names of Yobs, Ycalc and SigmaYobs
For example, applying the Si atomic scattering factor correction to axo_Isphase can be per-
formed as follows:
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PGa' K j

xdd_array si_f0=
2( 2 9LGEA; K; 9LL=JAF? <9L9 >JGE 9LEK; 9L} ; HH
5.275329 Exp( - 2.631338 (Sin(X Pi/360)/Lam)"2 ) +
3.191038 Exp( - 33.730728 (Sin(X Pi/360)/Lam)"2 ) +
1511514 Exp( - 0.081119 (Sin(X Pi/360)/Lam)"2 ) +
1.356849 Exp( - 86.288643 (Sin(X Pi/360)/Lam)"2 ) +
2519114 Exp( - 1.170087 (Sin(X Pi/360)/Lam)"2 ) +
0.145073);

scale_phase_ X =si_f0; a 9HHDQ L@= 9LGEA; K; 9LL=J >9; LGJ

The above will give the same result ¥dd_arrayis replaced byprm. The latter does not store
the array and therefore theequation is calculated every time si_f0 is used. Becausedd_array

is an equation, theprogramautomatically keeps track of its dependencies; this meansdd_ar-
ray array is recalculated only when the equation changes; changes can happen, for example,
if the equation is a function of a refinable parameter and the refined parameter changes. This
recalculation only occurs when the array is being referenced; it does natccur at the instance

of a dependency change. Use afdd_arraytherefore produces fast and efficientINP files

xdd_sumis similarto xdd_arrayexcept an array is not stored; insteagthe sum of the values of
the array are calculated and stored. Similato xdd_array, the summed value ofkdd_sumis only
recalculated when necessary.xdd_sumcan be nested, for example, to normalize the intensi-
ties between Yobsand Ycalc the following is possible:

xdd_sum sum_yobs = Yobs;

xdd_sum sum_ycalc = Ycalc;

xdd_sum = (Yobs | Ycalc sum_yobs/sum_ycalc)"2;

xdd_sum num_data_points = 1;: 0 a S AK J=HD9; = :Q L@= FME: =J G> <

413 ANNMRURUNWYOWEUWE ! ARql ¢1 ! W9 6 R

chi2 allows for the minimization of a User definedLl. dit can be a function of the reserved pa-
rameter names X, Yobs, Ycalc and SigmaYobs. In addition, xdd_sum can also be a function of
these reserved parameter names. For example, the following can be usedto define a normal
least squares refinement:

xdd ...
xdd _sum denominator = Yobs;
xdd _sum numerator = (Yobs - Ycalc )2 / Max(Yobs, 1);
chi2 = 100 Sqrt(numerator | denominator);

In refining on an arbitrary chi2, the first and second derivatives of chi2 with respect to each
independent parameter are required. To do this fast, Ycalc within chi2 is approximated with a
first order Taylor approximation around the parameter vector G This approximation, for vari-
ous formulations of chi2, has yielded good convergence even for non-linear parameters. To
summarize:

9 chi2istreated as a penalty.LL

1 For each independent parameter, a definite minimum in chi2 is bracketed; inverse para-
bolic interpolation is then used to determine the minima of chi2 with respect to that
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parameter. In the calculation of chi2, Ycalc is replaced with its first order Taylor approxi-
mation and thus the full Ycalc is only calculated once per refinement iteration and not 100s
of times.

1 Finding the minima and the curvature of chi2 with respect to each parameter yields 1 and
2" order derivatives of chi2 with respect to each parameter.LL

1 The BFGSmethod (approximate_A)is then used to solve the resulting linear equations with
off diagonalterms approximated according to the BFGS method. L

1 The BCCGmethod incorporating the Marquardt method with automatic Marquardt con-
stant determination is used to solve the matrix equations.LL

The Rietveld refinement example of NE BB\~ AR EF®P E 810f deémonstrates various
scenarios:

Case 1) Herexs output when NOTusing chi?2.

o O~ WNPFE O

Time
Time
Time
Time
Time
Time
Time

0.094 seconds

0.05
0.06
0.06
0.08
0.08
0.08
0.09

Rwp
Rwp
Rwp
Rwp
Rwp
Rwp
Rwp

26.630
16.651
7.510
6.955
6.943
6.923
6.923

0.000
-9.979
-9.141
-0.556
-0.011
-0.020
-0.000

MC
MC
MC
MC
MC
MC
MC

0.00
0.06
0.02
0.01
0.00
0.00
0.18

L S N S A =)

Case 2) Hereis output when NOTusing chi2 but using approximate_A.

0
1

16

17
18

Time
Time

Time
Time
Time

0.05
0.06

0.13
0.14
0.14

0.14 seconds

Rwp
Rwp

Rwp
Rwp
Rwp

26.630
16.883

6.950
6.949
6.949

0.000
-9.747

-0.002
-0.002
- 0.000

MC
MC

MC
MC
MC

0.00 O
0.00 O

004 1
0.09 1
029 1

Case 3) Herels output using chi2 defined for normal least squares.

0
1
13
14
15

Time
Time

Time
Time
Time

0.03
0.06

0.33
0.34
0.38

Rwp
Rwp

Rwp
Rwp
Rwp

26.630
15.897

6.974
6.958
6.951

0.000
-10.733

-0.021
-0.016
-0.006

MC
MC

MC
MC
MC

0.00 0 P 26.63020
0.00 0 P  15.89696

000 1P 6.97366
000 1P 6.95755
000 1P 6.95122

The chi2 case (3) looks similar-to case (2); however, the path towards the minima is different
as the chi2 procedure is verydifferent to normal least squares refinement.

414, . ANGY I YR U N WnaRedxi a 13 aldl

Parameters that do not take part in refinement are reported, for example, the following, where
aandb are not used in any equations

prm a 1 prm b 1

will result in the output:
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Number of independent parameters not taking part in refinement: 2
prm_10: a
prm_10: b

The val on_continue attribute of unrefined parameters are executed at the end of conver-
gence. It can be useful, for example,

prm a 1 val _on_continue = b = 2; 2 this sets the b parameter to 2

4.15..E2 0 0 ¢l deig] RtYOR 13n R U 1RO 1A Tig)J

Table 4-1 shows various keyword usages for typical refinement problems. The term /61 In RU 1J p
ment cyclersis used to describe a single convergel H IBQLHU | A06Id | ¢ Gl@yajdlld 1J ap Ul U

q Gk | WwthaRr U U #lRdE & 2 OtmReU mij @ O My D1 | 263 | ¢ aldyajditerll

| 1J o &l AHUe | IRIGUOA) 11 &) dRal dlide | 1opcléls) Rig & 2 UltyeU mij @ U N Y 1O

N H NGO ! 5 W0 fue 13t0hHERI ¢ | HRINIEn R Uldg B #B3J q

Refinement type Keywords to use Comments
Rietveld refinement. Marquardt refinement.
No penalties. matrix calculation.
Rietveld refinement with a line_min Line  minimization used if
moderate number of penal- (Maybe) line_min.
ties. Marquardt refinement.
matrix calculation.
Rietveld refinement domi- approximate_A BFGS method of refinement.
nated by penalties. matrix approximation.
Pawley refinement. line_min Line minimization.

Marquardt refinement.
matrix calculation.
Penalties only. BFGS method of refinement.
matrix approximation.

Refinements with alarge approximate_A BFGS method of refinement.
number of parameters and matrix approximation.

a fewxdds.

Refinements with alarge approxi- BFGS method of refinement.
number ofxdds andparam- | mate_A_check_for_must  matrix approximation.
eters. _be _zero

4.16...hve R I nIRUBIY G Ge q ¢clRRIY &I

The computationally dominant factor of Eq. (4-5) is problem dependent. For Rietveld refine-
ment with a moderate number of parameters, the calculation of the peak parameter deriva-
tives may well be the most expensive item. On the other hand, for Rietveld refinement with
many structural parameters and data points then the calculation of the ! v @ot products would
be the dominant factor, where the number of operations scale by - @ <C. Of ¢ Before the
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development of the BCCGroutine (Coelho, 2005), the solution to the normal equations, Eqg.
(4-Austl @ L2 1D & GRA[IV iy | 2 Fildy @il @R MEY 5 HEIHMR G 2 GEgOIc dp
R @Dbs to_xo_posn_yobst ¢ 12k 1) I 1 10 T &jidile o AMIb ¢ & RS 6 RIBIG T 1BLiH

q dile O AN G1J | ¢ IBWER KK VG VY Tt 9UStidj dDécomposelll ¢ HIRWA + ¢ (95 WE

? E9 § ~ A®EHuick_refine removes parameters during a refinement cycle thus shrinking

the size of the matrix by reducing N and hence speeding up refinement iterations. Parame-

ters are removed if the condition defined in Eqg. (4-9) is met for three consecutive iterations.

o 8t (N O EGAE AR 6AD HTpds

Alternatively, parameters can be removed or reinstated during a refinement cycle using
quick_refine_removed¥his keyword provides a means of performing block refining. If quick_re-
fine_removeis not defined, then all parameters arereinstated at the start of refinement cycles.

Ot 1Y thjuick_refinelliG 1J W2 GR G 2 O &l & 1917 Sl oW + ¢ (1 aNdto Till ¢ Hb § BIE 6
Rzt 1J IR + ¢ OB EPIIO Nfs HONGUD 1 n BB@ 10 16 G Ll DI ] O diilJAll 13 'n R ULE iy 600
tap CLH thie FIJ hue L0 dftH@idd | QUK refine2 ¢ A D D IRIZ MWW YIED | ¢ Of Liaod |

HY U2 101 4D Vigioc | BB 0T Wk 19 TVRmIRIE] Y | i 1) idickOrefine 6 €ldj AHIY G G Y5 p
R WV D hue 131@FH 1

1 mgc | ¢ G ldquimimte O dprR Udick refine_removeld) 6 LG YW Vil i@ &l Y 5 p
I3dG ¥ R AR Qe IG ¢ | o RUAZEntRIB & #00) g

7 N6 WD MEE | ¢ Ui Y o RRACHYIRIECE @ & HHRIGAX O & Wuick refineldl
Ac UT Y 0 RING XoaRYAUJI | LEALYIY T1Je Lt Widick refinelR U RHIZEDG o 131 Uléhor R 2 13 G !
domize on_errrosiit ¢l 12t 1) 1 6 RS q Y O ¢ iy R ¢ bt iy Qi)Y 26i@a | ¢ Gl 1J |
| ¢ Ul YAWRAWT 1O

fiHuick_refine_removelld 2 ¢ tabeMloypd (J18 ¢ b AJEW@LHY ¥ H R &I T ¢ QUL 13 p
GY2mi Wi n R UMR QIR ! G d qUDIst 8 O dRdidick_refine_ removelll 2 ¢ Gialc q 1
a M 1J IHYido refine_removeld ¢l WHH 2 U AR @LUHD | 2003 | ¢ O L& Bémovedllf ILI

QR Num_Times_Consecutively Smalllid Ulid T T R g ROYGUYRHORIGI 216G € | ¢ aud ¢ G

{2 AL ITycle ltersiCycleld ULMMBiKuick refine_ removelRUD Yl 1J 'n Rk & @I O YUR ¢ O
VH G 10 (. (4-9) RiZHD e O ¢ | ¢ o il Ve 8 6 el I e ‘00 B & 'n R Olyéidd O g

In most refinements the following will produce close to the lowestL. ¢ UIRIEHE Y i & @1 L

n M# ¢ G Gildx NS HOA

quick _refine 0.1
quick _refine _remove =
IF QR Removed THEN
0 2 reinstate the parameter
ELSE
IF QR Num Times _Consecutively _Small > 2 THEN
1 @ remove the parameter
ELSE
0 2 dont remove the parameter
ENDIF
ENDIF;
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4.17..ERG 2 Gldl g D0 cldli RIVeNoNAI
Ald'n R U 1Yo ReUre tEY 10 2 1 | WDAJIiBhithue _after_convergenceis definedHEIlJ p
n YiE WU o R&) @HEY Wi M & @M wasl nyl a1 a
f val_on_continuelld tua ¢ tdipR¥E 0T 1 G 1a@d 113004l G2 ¢ G a q 1J T

9 randomize on errorsi@ | Y HIIE [IGAI | n YHDI G 1IT
T rand xyAG | WHIIE AN | n YHDI G DT

i 6 19l on_continuelRIL 1J'n At dHOY It & YOO TIRAIING Ukl Mg O T VY @tRgAYTILT RUDN
a) ¥hindomize on_errorsH@imulated annealingis invokedusing continue_after_convergence. It

is sometimes difficult to formulate optimum val_on_continue functions; this is especially true

in structure solution usingrigid bodies where optimum randomization of the rigid body param-

eters can be difficult to ascertain. randomize_on_errors is a means of automatically random-

izing parameters based on the approximate errors in the parameters as givenin Eg. (4-10),

where Tis the current temperature and Kis as defined in Eg. (4-3).

i 0YQOEGE Dl T8ICY 00 HTN M

v is ascaling factor determined such that convergenceto a previous parameter configuration
occurs 7.5% of the time on average.When randomize_on_errors is used, relative variation in
temperaturediddl | siginificant and not absolute values.IN5 LMuto Till ¢ # R Y #il & lgulckJre-
fine, randomize_on_errorsiél Uldliémperaturelll 1J 1 FRdd 18 K6 Y sl 4 Wb 1 10 hu #cWdg R 1)
| ¢ UWHMR G 2 G d @010 AR GBI W + ¢ (BTG He ONS il A

4.18... 1 ¢ GaftRoPHIR A 1J RWIANU T YxXVRIBIII Y I

Use of randomize_on_errors result in an adaptive-step-size determination during simulated
annealing; in many cases the complex temperature regime found in the Auto_Tmacro can be
replaced with a single temperature. The example 9 f vilp ON § Kafemohstrates random-
ize_on_errors by using a veryincorrect starting temperature of 0.1; the program quickly modi-
fies the temperature to a more appropriate value. Output lines such as:LL

Breaking - randomize on errors  revisit

indicate that a parameter configuration has been revisited and the temperature will be inter-
nally adjusted. Note, with randomize_on_errors, relative temperature values are pertinent and
not absolute values.LL

4.19...9 | R o\l Ra

Trwp

[r_p#][r_ wp#][r_exp#][gof#][r_p_dash #] [r_wp_dash #] [r_exp_dash #]

[weighted Durbin_Watson #]
] G Y feetiddl 3G 1 Ul W B U 010 Bie@id Y51 VD U1 mRIED €6 # Y It & YUy
He At NDIE A @il R oE 1)
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5.,AE ull] EfSEAl N?WBbAE uxNOAE®D

9YU2VYie qRYUWRGGIERIWI WRUqUNI ¢qRYUGBWE Wne URqRYUWe U
RUqUNI ¢qRYUWRY We UWe GGl Y¥ROG¢cqRYUWs Raé We ULle AHz21 ¢
qRYHHU ¢ qU W02 a1l RAcOWHYU2YlOea qRYULWRY Wet T Ws 6130 W
Gct Ut WRaqWGYtt RAGWWqYWRUHAHTG 2T DWHY G G 1JkdlFhYel UsHopYR Y Ob
RUt ql 2GR U0qWeAHWI I ¢cqRYUWne UrRqRY UINSLR Y WG 10 Y #=ID A3 4udl Rh 10
GeqRYUSAWNI YapHe Wk 10d 16 16 HIW0EHaXc | @ VBGIR ¥ 99 MG 6 6 @8 |

SMMAWRY We UWle GGl YFRG¢cqRYU6 W WHYUT WY TRB IJWIDHG IGHE q t
Gl Y¥+ROCqRYUt Wel W2 ¢ dRT W+ HIRE diliin Yo l¥DHIe IR (LR ALIGID
GilALWeE # R¢ O WEYRI20ID | 1 WiFRiMsUR aF6AHW Ga ¢ U We UNG 13t W6 ¢ ql

51...EYel #AUOWIGRt + RYOWGI YnRG I3

Generation of theemission profile is the first step in peak generation. It comprise£M lines

9 a>each of which is a Voigt comprising the parameter, lo, Ih and IghkSEI1I LW 13+ 131 2 IJT WGE |
1Ja 131 ULl IWE + + Rdvallklofithg BMJidée with the largestlal®l ¢ G 2 |IJEHHIOROGR LI 1 LW
He OERNAMBILRY Wet U1 LWd GdlH &d 1B i pdlag 1 WE g aq RIRO Wy wig 1y o1
Y (pidk_type For all peak types, the position2qe calculated for an emission line for aBragg

position of 2q is determined as:

501 & Y—Q&:—OU MéoQr L LG 1 Q 00 YOux
C— 0l W 0 - G N O

2q for xo_|s phases corresponds to thexo parameter. 2q for d_Is phases is given by the Bragg

equation 2g =ArcSinLam/(2 d)) 360/Pi whered corresponds to the value of thed parameter.

2q values forstrand hkl IsI@ 6 ¢ + 13t We | 1IIMUAME B EIG ¢ o & R & BUIPAE ¢ RO 131
"~ =g for anEM line is determined from the relations provided irable5-1.1 & It Lth depend-

encel@t WT InRUWIT Wa 6 1J FAURI6 WLt 10 1 E R G 16 TR M ILLY i LW

=0 W FHjLBELHID R

The macroNo_Th Dependencecan be used when refining on nofX-ray data or fitting to nega-
tive 2g values (see example E] A KRB 14+ Rt WIJ# q 1J U q We ENER RIS T 1kl Rig VHIG @ H
GeqlT WRY W WqWl §RUWVT WH! a
O 0 QEIMMDT o X
‘0O¢ 0 Q&I TND WO 1

WAERE cd O W

The defaultvalue for ymin_on ymaxRt W MEBEMMNIKRY OWGI YnRGUWIT ¢qec s c 2|
CHI AlDd MG N DT b LWE U TxLLdH RILUI + of YRR of LbFRtdLE 17 1O 1O

N¢ ARNHDLE ¢ Ul (g v | BRI 10 Wn Y1 Wa 6 13WT Rnn 3l 30 q WG|

00 MO YO0 T
000D “

[ AWGW¢ t Wi "Ow 00
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where the emission profile (EM) is generatefirst with emission profile lines of typepeak type;

the symbol A denotes convolution. Peaks are then convoluted with any defined convolutions,

multiplied by the scale parameter, multiplied by any definedscale pks, and then multiplied

by an intensity parameter. Foxo_Is, d_Is and hkl_Is phases the intensity is given by the | pa-

rameter. Forstr phases it corresponds to the square of the structure factoF?(hkl). Convolu-

tions are normalized andl YWUY qWHES ¢ UNIIWa 6 JWE | 1the tHpilldry idmée WG ¢ t
ter_ mm andIpsd_th2_angular range degreesconvolutionskSEIIJ ¢ | 13¢ We UT 131 Wa 6 13 W G
NnROWVWRY Wl Wadl & R Odm ¢l F! GUDomddld L6 &Lyl NGriR Litalsamilmi T S1iho R UIR oLk Yi
Yon WEGIEY RN gAle Uk itz UrqRY Ut W TabléBGEOM 2 RT JT WR U W

N ¢ AR R d) W ¢ WG 1) G Yig I IGH) G(Roii2gy) where2dllis the position of thek™
reflection. fwhm corresponds to the Full Width at Half Maximum. /s the PVmixing param-
eter. T6 DWh Nk We¢ UT Wh =k W 2 AHGHIMRELL) tOLWIHLY |1RINIS {ayGLNY GhiLLLb

Jcett ReULW

0 » < Owmr Q0 hQ U & h'Q 10¢
00 "o ¢ T EG
xYl JOqAR¢ U a
QU . C.
0 w ——h a —h a T
aw A
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Lorentzian and Gaussian convolutions usingpr_fwhm and gauss fwhm equations are¢ U¢ G ! a p
RAcOG! WHY UM UA &@lJclisiRy 6dWwt We UT wWUle G W1 REBA &G TUNRE Y U2
EASICt Wdd G Hle I RAcOWRARYU2Y0e qRYUY W6¢21W0WE WERN
Gl Rt DWexyéd W0qRRE dlic Rd n 2 U qRY UL WHY U2 Yd e[df 0 IWs R q
[ MUAEF It Wa! Gt A LWdaE W RY iR iR F1alz 14 VT IR GR Y U ¢ & B
6 cogrivblutionsn Y1 W¢ GO WGWEt Wa! GIIt WE[IYID WY G 2 ¥ R&qUE T0EG 2 @RI
aqlJl UlWn R q q REVIPEAR Bydcdiiic FRak YypdaNOHZ Peak TypdH ¢ U LWH IJRE dJ4 IDILLFOLL

O ¢ HIl YigqiEly walys RUNWI JidcqRYUt 6 RGH WqVY WIYPd #I RAVWGI YV

PV Peak Type PVII Peak Type

fwhm =ha + hb tan(q) +hc/cos(q) n s Giils GHIO ¢ FONqHOGIIBIIOE 1 ¢) bI
h=lora+lorb tan(q) +lorc/cos(q) g TIHIO YI KU M EDE- @ T dia@d FtH Y ¢) bi
where ha, hb, hc, lora, lorb, lorc are re-| whereé ¢6 H6 Hi ¢ G H U Hare refineable pa-
fineable parameters® rameters.

TCHZ_PeakTypeaNiIIJ WG Y TNRY REHOVIMEC + q R U Nt NG Bl@edBEYIR + LT 1.
bl 1J BYeHOLD A LN & & O A Lk 4J8INIdI48calia® o 1AL
Al LN KOOI HIMD THELS! [N IFKORPN N = LU

56131 hill GdoGL
Gl [ Bt L "GBT1E GABINE “GABUE G il 6 O
I W= KOz A E I =aOT 18H1Y LMMOFINMEAMINLEMNOKGIMLT Y 11 =

G WLl iy Sqfipdla) ColéBiLLEBYIKY LI R PP

53 Peak Generation and "peak_type"



Peak Generation and "peak_typs 54

Gl fildy col®lbl LI Y t
5 R @@dlaimdailc + Wl In RUDT WGe !l ¢allaqldl t 10

53..9Y02VYlde qRYUWCUT W6 JWGWct WNIWIUWI ¢ qRYU

N6 UWIaG Rt RYUWG!I YnROWDWYnWe WGWet WAMWY nWe W q¢ RU
Guc¢cHUI WYUqYWe WhADECEt WHEOH2 G ¢ ql& it and gabsts kot A MW ¢ U
convolutions for FP and PV peak types and additionally orieat convolution if defined; the hat

convolution is included analytically only if its correspondingnum_hats has a value of 1 and if

it does not take part in stack operations. Further defined convolutions are convoluted with the

top member of the stack. The last convolution should leave the stack with one entry represent-

ing the final peak shape. The following keyords allow for manipulation of the Peak calculation

stack:

(push peakd ® d P
bring_2nd_peak to_top8 ® ® P
(bring_n_peak to _top 96 ® ® ®
@dd pop_1st 2nd peakd ® ® P
@cale_top peak98 ® d @

(et _top_peak area986 d ¢ @

push_peak duplicates the top of the stack;bring_2nd_peak to_top brings the second entry to

the top of the stack, bring n_peak to toplHl RUNPAEIGS fJMIEGY Wa 6 W Wa Y GWe Ul MWt
a 6 1J Wa Y G WYamdlheids ddpLit sto2iddeak Hilds the top entry to the second most recent

entry and then pops the stackscale top_peak scales the peak at the top of the stack. As an

example, consider the generation of backo-back exponentials as required by GSAS time of

flight peak shape 3:

push_peak
prm a0 481.71904 del =0.05Val + 2;
prm al -241.87060 del =0.05Val+ 2;
exp_conv_const =a0+ al/D_spacing;
bring_2nd_peak_to_top
prm b0 -3.62905 del =0.05Val+2;
prm bl 6.44536 del =0.05Val +2;
exp_conv_const  =b0 + bl/D_spacing"4;
add_pop_1st_2nd_peak

The first statementpush_peak pushes PO onto the stack leaving two peaks on the stack:
Eq ¢ HAVBMILLL

The top member is then convoluted by the firstxp _conv_const convolution, or,
Eq ¢ HAMBMAIEXD conv const

where A denotes convolution. bring_2nd_peak to_top results in the following:

Eq) ¢ HAMAlNMA conv_constSAM
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cUT W6l WwoR+queYU2YdeqRYUWI Ut 20qt WRUa W
Eq ¢ HAMALNH conv_constSAM Alddp conv_const

Thus, the stack contains two peaks convoluted with exponentials. The last statement
add_pop_1st_2nd_peak produces:

Eq ¢ HAMAlMA conv_constPAM Alébtp conv_const

Convolutions applied to peaks are normalized afterconvolution. Thus, the following, fromWIF
D¢ 2 RT Kk t Wifd_énie mddHiator, will give unintended peak shapes:

push_peak a >AJKL H=9C
scale_top_peak =1 - storage

bring_2nd_peak_to_top a K=; GF< H=9C
exp_conv_const = -Ln(0.001)/ (taus_O + taus_1 / lam"2);
scale_top_peak = storage;

add_pop_1st_2nd_peak

5611 JWa6 Wl ¢ qRYWY nlWaé JWe ! ¢t WY n Wepibrege)fst@rage.q LUG I ¢
This can be remedied bynormalizingthe exp_conv_constaberration as follows:

push_peak
scale_top_peak =1 - storage;

bring_2nd_peak_to_top
exp_conv_const = -Ln(0.001) / (taus_0 + taus_1 / lam"2);
scale_top_peak = storage Yobs_dx_at (Xo);

add_pop_1st_2nd_peak

However, not all aberrations are easily normalizedset_top_peak_areaovercomes this prob-
lem by normalizing the area itself in situThe INPsegment can now be written as:

push_peak
set_top_peak_area =1 - storage;
bring_2nd_peak_to_top
exp_conv_const = -Ln(0.001)/ (taus_0 + taus_1 / lam”2);
set_top_peak_area = storage;

add_pop_1st_2nd_peak

54...EGUUT Wo Wl #HH2| ¢H! WecUT WGWct xHannlJl x1t q

[YI WRYOGGe q¢ qRYUC O WIN nRARIWUHA! AWLGEIRIUIGINEG 12 € tO# WIERI0 DI
He nnflDW Hdls JIJ0WGIKet + Wel DWT Wl GRUIDN WHY Wilab 1Jalied k
HenmniJl Wil cGeqRHACTT! W T 2 &N UGHRSHIUIONR! G0 YLIYSYWI Gadidar’ 8
GUclh DWUORHLIE L ¢ ! WaVYLWe #El Mg & ¥V DWWl | n R RS SUHLE VGG LU @
GYsRUNDWE W!' sYI THWeEnnUAqWa6 JWE #HA2 T ¢ H! WYNWG6¢t WG

(peak buffer_step 18
@onvolution_stepl m 8
dmin_on_ymax| 6
@berration_range change allowed H6
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?13n ¢ 2 O qftd#Zhésd arddypidally adequatepeak buffer_step determines the maximum x

axis spacing between peaks in the peaks buffer, it has a default value of 58%ak_Calcula-

tion_Step. Avalue of zero will force thecalculation of a new peak in the peaks buffer for each

peak of the phase. Note that peaks are not calculated for-axis regions that are void of phase

peaks. convolution_step defines an integer corresponding to the number of calculated data

points per measurement data point used to calculate the peaks in the peaks buffer, see cal-
culation_stepdincreasing the value forconvolution_step improves accuracy for data with large

step sizes or for peaks that have less than 7 data points across the FWHyhin_on_ymaxde-

termines the xaxis extents of a peak (see also sectioh.1). aberration_range change allowed

describes the maximum allowed change in theaxis extent of a convolution aberration before

a new peak is calculated for the peaks buffer. For example, in the caseafial convthe spac-

ing between peaks in the peaks buffer should be small at low angles and large at high angles.
aberration_range change allowed is a dependent of the peak type parameters and convolu-

tions as shown inTable5-3. EG ¢ i @ W2 ¢aberatibnliznyel chidnge allowedlll IJT 2 H1Jt Wa 6 1
t GERHRUNDWAHDgs WU WGWett WRUWqSWWGUEtt WHen 13l we 01 W
q6 WG ectt WHennNnIJI KO

N¢ ARpML n ¢ 2 O q WAkediatol fabda dhhndk allowedtO

Parameter Default aberration_range change allowed
mlsm2 M HOM P
pv_lorsspv_[156pv_12 MIOMN
h15h25pv_fwhm$spv_hlsspv_h2 Peak_Calculation_Step
hatfaxial convAvhole hat$half _hat Peak_Calculation_Step
one_on_x convd  exp_conv_const, cir- Peak_Calculation_Step
cles_conv

lor_fwhm$hauss fwhm Peak_Calculation_Step

55...N6IJWGUctt WHen I AWt GUIUIT We UT Wwapuavl ! u

Anisotropic peak shapes result in the peaksbuffer holding as many peaks as there are hkls.
For problems with 100,000s of peaks the calculation time and storage of the peaksuffer can
be prohibitive. This situation can be mitigated using the phase dependent
peak_buffer_based on:

[str| hkl_Is|xo Is|d_Is]
[peak buffer_based on!E[peak buffer_based on_tol !E] ]...

When peak _buffer_based_on is defined, the usual means of determining the size of the peak
buffer is overruled. Instead, peaks are grouped according to thepeak buffer_based on crite-
rion. For example, to insert a peak into the peak buffer ataxis intervals of 1 then the following
can be used:

peak_buffer_based_on = Xo; peak_buffer_based_on_tol 1
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Thus, peaks with similarXok + AW ¢+ Wip&hk Butfek) badeéd bnliol, are grouped.Occa-
sionally peaks that are a function of hkls have groups of hkls that are of the same peak shape
and at a similar xaxis position. The following demonstrates how to group these peaks such
that a single peak shape is calculated.

peak_buffer_based_on = Xo; peak_buffer_based_on_tol 0.01
peak_buffer_based_on =sh; peak_buffer_based_on_tol le-7

where sh can be a spherical harmonics parameter or an equation describing hkl dependence
or amarch_dollase parameter. When more than onepeak_buffer_based on is defined then
peak groups obey all of th@eak buffer_based_onts. peak buffer_based on disables the peak
stretching procedures and any defined aberration_range change allowedtOLU
peak buffer_based oncan be a function of the reserved parameters#d, K, L, M, D_spacing X,
Xo, Th.

Depending on the problem, smaller values such as 1& can significantly reduce the number
of peaks stored in the peaks buffer (a factor of 15 at times) without significantly affectiriyvp.
Anegative value forpeak buffer_based on_tol will force a calculation for each peak resulting
in independent hkl peak shapes, for example:

peak_buffer_based_on 1 peak_buffer_based_on_tol -1

5.6..... Ow HEzl ¢ qlWéYRNG

[more_accurate Voigt] can be used to override the defaulPseudo-Voigt approximation to the

Voigt. It decreases the error Yoigt_approx T Voigt_true) by a factor of ~100Defining G as the

FWHMof a Gaussian andL as the FWHMof aLorentzian; the screen shots below show fits to
a range ofG convoluted with L, resulting inVoigts, with L varying from 0.01 to 0.09 an&+L=1.

Fitting to the Voigts using pseudoeVoigts we get

T
14,000
13,000
12,000
11,000
10,000-
9000
8000:
7 00
5000
5000
4000
3000
200
1000

-1.000
200
300
4000
45000
50007~
7,000

2000
20m
-10,000

12,000
+13.000
+14.000
-15.000

e 2 W B B A 2 A x 2 4 B B D R U

Fitting to the Voigts using the accuratecalibration results in the small difference plots seen in
the following:
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14000
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110009
100004
90004
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1000
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+9,000
10,000,
-11 000
-12,000
13000
14 000
1501
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The more_accurate_Voigt calibration is accurate andfast. It fits to each trueVoigt the follow-
ing:

fit_obj =al (2 Sqrt(Ln(2) / Pi) / f1) Exp( -4 Ln(2)(X / f1)*2);
fit_obj = a2 (2 Sqrt(Ln(2) / Pi) / £2) Exp( -4 Ln(2)(X ] £2)72);
fit_obj =a3 (2/(Pif3))/ (1 + 4 (X/f3)"2);

fit_obj =ad (4/ (Pifa) /(1 +4 (X4 2)"2;

One thousandsets of a0, al, a2, a3, f0, f1, f2, {3 parameters were determined by fitting to 1000
true Voigts with L varying from 0 to 1 in steps of 0.001.

numerical_lor_gauss convi | 1J¢ q 1Jt Ubigtlhy rapinezidaliy ikbnvolutingGaussians with
Lorentzians; the extents to which these aberrations are calculated can be defined usingu-
merical_lor_ymin_on_ymax (default of 0.0001) The 9 AE N E#f inAhe NEENx E i
Ax BE8 f g N A A 8lifectory uses numerical_lor_gauss conv where the amount of Lo-
rentzian is entered as a humber out of a 100 value of 500 would yield avoigt with aLo-
rentzian FWHMof 0.5 and aGaussian FWHMof 0.5. The generatedtrue Voigt is calculated by
numerically convoluting alor_fwhm with agauss fwhm. The generated trueVoigt is saved to a
file with the nameé § f 1 N , Whe&dé o corresponds to a number between 0 and
1000. The file generated contains 100,000 data pointsThe step size used in the convolutions
is as small as 0.0005 when using aonvolution_step of 4.

TOPASuses anFFTto perform the double summation of the convolution.However, for lor >
500, the convolution itself comprises an analyticalLorentzian with a Gaussian comprising
straight line segments. For lor < 500 then an analyticalGaussian is convoluted with alo-
rentzian comprising straight line segments.

1 Thefile[ A tOffits &pseudo-Voigt to the generated truevoigt.
1 Thefile[ fp-\& A E Kdits tofthe generated trueVoigt using equivalentfit_objk 1L
1 The file[ f8\7 s Idits fitAobj's to the generated trueVoigt.LL

The difference plot from [ A Ofis inAhe order of 500 to 1000 times larger than the difference
plot from[ N8 AEOf A

57..Eql DqH6RUNDWGE t 1

strB Examples
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[stretch_pks E] ENAE PoucE NAE Nt A

Refining 1000s of phases, where each has a peaks buffer that needs recalculation each itera-
tion of the refinement, can be time consuming; as in XRTT refinements. In fact, many peak
aberration parameters require the recalculation of the peaks buffer forach parameter deriv-
ative for each iteration of the refinement. Thér_fwhm and gauss_fwhmconvolutions are two
such parameters and typical usage is via the following macros:

CS_G(@, 100)
CS_L(@, 100)

i 6130 LWaq 6 W2 orafehidiand Yanddl duwdidpgarameters are approximately known, then

the shapes of the peaks can be approximated by stretchit@W[ Y1 Wt ! GG Jaql RAWGC t 1
ROCqRYUWRY WeaaVYt quWIfcHgoWet ! AG0ql REWGUCEt + AWGIICE
He qUWRN W6 WW2cde 3t Wel DUk qWaYYWnel WY nnWYGaqRGC¢ O W2
UnRWYnWt 2 #6 We Ulle dals § 8 Rfadh R NMREOMRIGAF LIS example

speeds up refinement by a factor of 4.1. The usage sfretch_pksis as follows:

CS_L(100) 2 FGL J=>AF=<
CS_G(100) 2 FGL J=>AF=<
stretch_pks @1 min 0.001 max 10

The limits of a stretched peak, x1_s and2xs, in terms of the unstretched limits x1 and x2and
the peak position Xo are:

x1_s = x0 (XoT1 x1) Get(stretch_pks)
x2_s = x0 + (x2 Xo) Get(stretch_pks)
58..ql cUt nYl Gx*WsRa6Yeqll UHcOGHz2Gec qRUNLWC
[transform_XxE] Examples
N A E[ sStRAXIDf A
Thetransform_x keyword stretches a calculated phase pattern to form a final phase calcu-

lated pattern without recalculating peaks or summing peaks to YcalcThe following:

prm tpx 0 transform_x = X + tpx Sin(X Pi / 360);

is an approximation to:
prm tpx 0 th2_ffset = tpx Sin(X Pi/ 360);

This approximation is accurate when the change imansform_Xis smooth and when its largest
value is in the order of what is expected from XRDT data. For two commorstrs residing in
different xdds, then if th2_offset were to be usedthen two th2_offsets would need to be de-
fined and the formation of the summation of the peaks to the calculated pattern performed
twice. transform_Xon the other hand allows for the reuse oh common calculated str pattern.
Afurther description is given in section6.
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6., AEOEf | W87sE9NEWf Wx A] EWAE]

lat prms3 U ¢ G U Wa LB Lo

- Examples
str dets3 U¢ G IJWa We Wto ~—p~_ 5 ARG B D -
phase dets3 U¢ @ IJWa We Wio NEENXxER Wml‘jﬁ @ MOf - A
uses Ls Lo NEERNX En m-AXBER® WNIOf A

The keyworddat_prms, str_dets and phase_detscan be used to define a set of lattice param-
eters, structural details and phase details that can be used multiple times within phases with-
out recalculation of the corresponding item. The benefit is a reduction in memory usage and a
speed up in refinementthat is substantial when 100s of 1000s of phases are present. Similarly,
derivatives of the common item are calculated once.

For a common phase with similar lattice parameters, then it is possible to use a commons set
of hkls. Similarly, if the structure factors of the two phases are the same but the lattice param-
eters are different (but similar) then it is also possible to usa common set of structure factors.
Absent the above keywords,lie program automatically searches for common items in a global
manner but with restrictions. For example,strs with hkls that are not identical cannot use a
common str. However, defining the stucture details in astr_dets object allows for a common
structure even when the normal set of hkls generated would be vastly different.

i A® WV HOf is adtwostr and two xdd example that highlights the use of the above keywords.
It looks like:

'Change case_100, 1

#prm case _ =1,

iters 0O

lamla 1 lo !lam 11g0.3

str_dets sO {
space_group i41/amd:2
site  Zrx 0 y =3/4; z =1/8; occ Zr+41l beq b1l 1
site  Si x 0y =1/4; z =3/8; occ Si 1 beqg b2 1
siie O x 0 vy lyl0.066 z 121 0.1951 occ 021 beq b3 2

ymin_on_ymax 0.001

}
lat_ prms 10 { Tetragonal( 6, 4) }
lat prms 11 { Tetragonal( 5, 7) }

prm llor_ = Constant(0.1 Rad lam) / Cos(Th);
phase _dets pdO { prm !csO 140 min 10 max 500 lor_fwhm =lor_/ cs0; }
phase dets pdl {prm !cs1 100 min 10 max 500 lor_fwhm =lor_/cs1;}

prm 010 0.01 min -0.1 max 0.1
prm 020 0.02 min -0.1 max 0.1
prm 011 0.03 min -0.1 max 0.1
prm 021 0.04 min -0.1 max 0.1
phase_dets  zeO { transform_X = 010 + 020 X + X; }
phase_dets zel {transform_X = 011 + 021 X + X; }

yobs _eqn aacl.xy=1;

60

out_sfn4_ycalc

bkg @ 100 -2010

#if case_==0;

str scale
#elseif case_

Reusing objects in large refinements

@ 1 load use

== i

min 30 max 60 del 0.01
="xrd -ct -00.sfn4";
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str scale @1 loaduse {10s0 pdO ze0}
#endif

yobs_eqn aac2.xy =1; min 10 max 60d el 0.01

out_sfn4_ycalc ="xrd -ct-01.sfn4";
bkg @ 100 -20 10
#if case_==0;

str scale @1 loaduse {I1s0pdlzel}
#elseif case_==1,;

str scale @1 loaduse {I1s0pd0zel}
#endif

In the above, there are twestrs and twoxdds . In a realworld example this could extended to
100s of 1000s okdds andstrs resulting in an INP file comprising millions of lines. It is therefore
efficient to define things once as is the case dhm. Modifying the preprocessorcase_#prm at
the top of the file demonstrates capabilities. Thecase_=1 scenario is for the following:

-  Twoxdds each with onestr

- The twostrs use a commonstr_dets resulting in only one set of hkls being generated
and on set of structure factor.

- The lattice parameters for the two strs are different and therefore two sets are used.

- The zero errorstfansform_X) are different and therefore two sets used.

- Thelor_fwhm peak shape convolutions (crystallite size) are different and therefore
two sets are used.

case_=1 is an unrealistic example where the lattice parameters and-axis of the twoxdds are
vastly different. The power of reusing object becomes apparent in a reaborld sense where
lattice parameters, amongst similar structures, are expected to be more similar Important
output from refinement for case_=1 is as follows:

Num data files: 2

Num hkl - sets/unique: 2 1
Num structure - factors - sets/unique: 2 1
Num m4_d2_inv unique: 1

Num peak buffers unique: 2
Num xo_ds unique: 2

Num bkg derivs unique: 2
Num transform_X/unique: 2 2
Num peak - shape - objects: 8
Num hkl_pk_dets/unique: 2 2
Num pk_sum_limits unique: 2

*** \Warning: Lattice parameters not similar
but using the same structure factors

a6and5b
b6and5
cdand?7
al 90 and 90
be 90 and 90
ga 90 and 90

The unique items are shown in Red. Notice the warning which is due to the vastly different lat-
tice parameters. case_=2 sets the peak shapes to be the same for the two phase and the out-
put now looks like:
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Num hkl - sets/unique: 2 1

Num peak buffers unique: 1

Num m4_d2_inv unique: 1

Num structure - factors - sets/unique: 2 1

Here we see one common peak buffer and thus only one is generateahd only derivatives for
its parameters are calculated. Also seen is that one set of hkls is generated. The mini-
mum/maximum x-axis values, used for the generation of the common hkls, corresponds to the
minimum/maximum values of the thestart_Xfinish_Xand extra_X_leftextra_X_righof all the
common strs.

The exampleit A® W HOf refides on simulated data comprising 150,006trs and 163,150 in-
dependent parameters. 20 iterations are completed in ~60s on an-8ore laptop. A few points
to note when runningi A®@ N lofa A

- Turn off animated fitting in the GUI, it cannot cope with 2000dd files and 150,000strs.

- A2 U0WnRIt qWs R WMl UNnRUWWIAE NEx wllg VY WHI ¢ qldWg
using the out_sfn4_ycalc keyword. This keyword outputs binary format files with a SFN4
extension. XY formats can also be outputted as well if desired.

- ?2YWe Wn R t#deflhe SUBSETHRL G YL 1J1JWE Ys W6 ROUNY WEYYtE Wei¢ U
turned on here).

- Then remove thetdefine and turn off animated graphics.

- 3.1 Gbhytes of memory is used.

Output from the refinement looks like:

TOPAS 64 Version 8.38 (c) 1992 - 2020 Alan A. Coelho
Maximum number of threads 8

Time 0.25, INP file pre - processed

approximate_A_check_must_be_zero On

Loading xyz's for fm - 3m from file C: \ WA sg\ fm- 3m.sg

Num hkls generated for C: \ WA sg\ fm- 3m.sg 50

Loading xyz's for fm3m from file C: \ WA sg\ fm3m.sg

Num hkls generated for C: \ WA sg\ fm3m.sg 55

Loading xyz's for i41/amd:2 from file C: \ WA sg\ i4loamdq2.sg

Num hkls generated for C: \ WA sg\ i41oamdqg2.sg 313

Num hkl - sets/unique: 150000 3

Num peak buffers unique: 3

Num independent parameters: 163150

Num data files: 2000

Num m4_d2_inv unique: 3

Num xo_ds unique: 3000

Num bkg derivs unique: 1

Num transform_X/unique: 150000 75

Num structure - factors - sets/unique: 150000 3

Num peak - shape - objects: 600000

Num stretch_pks/unique: 150000 3000

Num hkI_pk_dets/unique: 150000 3000

Num phase Ycalcs/unique (ignoring transform_X): 150000 3000
Num phase Ycalcs/unique derivs (ignoring transform_X): 150000 3000
Num pk_sum_limits unique: 3000

Num equiv posns for centrosymmetric fm -3m: 192
Num equiv posns for centrosymmetric fm3m: 192

Num equiv posns for centrosymmetric i41/amd:2: 32
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0 Time 5.37 Rwp 58.064 0.000 MC 0.000

1 Time 7.12 Rwp 50.740 -7.325MC 0.000
2 Time 11.90 Rwp 45.643 -5.096 MC 11.103
3 Time 15.77 Rwp 45.507 -0.137 MC 115501
4 Time 19.61 Rwp 43.351 -2.155MC 30.341
approximate_A_check_must_be_zero: non - zero Aij elements now static
5 Time 23.53 Rwp 25.599 -17.752MC 8311
6 Time 26.62 Rwp 24.143 -1.457 MC 30.922
7 Time 29.22 Rwp 14.654 -9.488MC 8.051
8 Time 32.26 Rwp 14.560 -0.094 MC 269.97 2
9 Time 34.86 Rwp 14.480 -0.080 MC 68.26 1
10 Time 37.48 Rwp 13.241 -1.239MC 17.301
11 Time 40.14 Rwp 5.025 -8.216 MC 4671
12 Time 43.23 Rwp 4.814 -0.211 MC 19.502
13 Time 45.90 Rwp 4.097 -0.718 MC 5.181
14 Time 48.98 Rwp 4.045 -0.051 MC 18.592
15 Time 51.65 Rwp 3.783 -0.262MC 4851
16 Time 54.30 Rwp 3.557 -0.226 MC  1.721
17 Time 56.93 Rwp 3.512 -0.044MC 3511
18 Time 59.62 Rwp 3.464 -0.048MC 14.201
19 Time 62.27 Rwp 3.374 -0.090MC 3291

---  62.270 seconds ---
File C:  \ w\test_examples \xrd - ct \ xrd - ct - 1.out updated
with parameters corresponding to best Rwp

Note the numbers in red. This is a large refinement that would not be possible without reusing
objects and without the keywordapproximate_A check _must_be zeroThis refinement can-
not be tested against Version 7 as the number of hkls aloné2,700,000, would exhaust much
of memory.

Objects reused are:

- hkls

- lattice parameters

- Ycalc

- Peak buffers

- Structure factors

- th2 offset

- transform_X

- stretch_pks

- gauss_fwhm

- and many other common arrays such as (Sin(Th)/Lam)”2.
- derivatives for common refined parameters.
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7.7E98 é8xONf 8§

[AO_matrix_is_constan} Examples
[create_pks name$a name] NEENXx Efi Mm~EAOxS8E B¢ § x ONT §
[create_pks_fn$fn_name] A7EPRIME9 S8 Of A

The deconvolution method of2Coelho (2018) has been implemented; it uses three macros
found inN § A E &Dfecolvolution_Init, Deconvolution_Bkg_Penaltyand Deconvolution_In-
tensity Penalty The method refines on linear parameters only; these linear parameters are
peak intensity and backgroundoarameters; their derivatives are unchangingnd hence he o
matrix is unchanging The keywordAO_matrix_is_constantinforms the programthat only lin-
ear parameters are being refined and hence the, matrix is calculated only once.Attempts to
use AO_matrix_is_constantwith quick_refine, approximate_A chi2 or with refinement of norn
linear parameters results in anexception being thrown

create_pks_nameis axo_Isdependent keyword that creates a peak at each step along the x

axis with peak intensity parameter names starting with the string $a_nam®eaks are not cre-

ated if peaks already exist for thexo_Isphase. In lWUq 6 W Wh 3k WHEE | ¢ Haqlll WRY WG ¢
create_pks_name and if create_pks nameis within a macro then the output from cre-
ate_pks_nameis placed after the macro.create pks fnadditionally appends a penalty to

each peak with thepenalty being written in terms of a function called fn_nameThe OUTfile is

updated with peaks which looks something like:

xo 5.00 | a25_ 0.00217" penalty =dfn(5,a25 ,a26 );
xo 5.02 | a26_0.00000 penalty =dfn(5.02,a26_,a27_);
xo 5.04 | a27_0.00000" penalty  =dfn(5.04,a27_,a28 );

The dfn function takes arguments of xaxis position of the peak and two intensity parameter
names, one at the xaxis position and the other at the next-axis position. These keywords and
functions are used in macros in the following manner:

Deconvolution_Init(0.5)
xdd
Deconvolution_Bkg_Penalty(0.5)
X0_lIs
Deconvolution_Intensity_Penalty(a, afn)

The deconvolution process comprises three separate refinement runsl) Fitting the peaks to
the diffraction pattern with peak shapes fixed to expected peak shape<) creating a calcu-
lated pattern with a chosen peak shapetypically a peak shape comprising specimen contri-
butions, and 3) a final run to produce a deconvoluted pattern with noiseThe A 7 E TE p
9 § Ofexampleis ready to run, it can be used as a template for other deconvolution pro-
cesses, it is defined as:

#define  DO_REFINEMENT _ "Step 1
aO<=>AF= "-al.#!' +#,08-32n0 © 1L=H U
ad<=>AF= "-@o$', *ao"#!l - « " 1L=H V

macro Data_File { Pbso4 }
#ifdef ~ DO_FINAL_DECON_
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RAW(.. \ ##Data_File)
xdd Data_File##

#else

' load for comparison purposes
- decon - specimen.xy

X_calculation_step 0.025

user_y d1 Data_File## - decon - specimen.xy
user_y d2 Data_File## - diff.xy

fit_obj =d1 +d2;

Out_X_Ycalc(Data_File## - decon - final.xy) &

Deconvolution_Init(0.5)
RAW(.. \ ##Data_File)

#endif

start X 15
bkg @0000000
Deconvolution_Bkg_Penalty(0.5)
aLp Factor@?— 2 " G FGL
CS_L(262.73494)
Strain_L(0.03785)
#ifdef ~ DO_SPECIMEN_OUT _
iters 0
CuKa1(0.0001)
Out_X_Ycalc(Data_File##
#else 'DO_REFINEMENT
Out_X_Difference(Data_File##
CuKa5(0.0001)
Radius(173)
Full_Axial_Model(10, 10, 10, 4.13679, 4.13679)
Divergence(1)
Slit_Width(0.2)
#endif
X0_ls
Deconvolution_Intensity

DM< =

AF;

- diff.xy)

_Penalty(a, dfn)

- decon - specimen.xy)

Deconvolution 65
$AF9D <=; GFNGDML=< H9LL=
O@=F <GAF? <=: GFNGDMLAGF

Background should be less than all observed data and it should be graphically inspected dur-
ing step 1. Background can be reduced by decreasing the parameter of the Deconvolu-
tion_Bkg_Penaltynacro; this parameter can range fron0.05to 1. If the bases of the peaks are
not matching Yobsthen the background is still too highStep 1 and 2 produces output XYfiles
which are then used in step3. The exclusion ofLP_Factor and similar peak scaling parame-
ters, is important as peak intensities are used in a penalty inside thBeconvolution_Inten-
sity_Penaltymacro. The deconvolution process can be used for all types of data including neu-
tron TOE step (1) takes approximatelyl0 to 30 seconds on present laptops; steps 2) and @)
takes a trivial amount of time (<Ls). The deconvolution macros are as follows:

macro Deconvolution_Init(c) {

process_times

AO0_matrix_is_constant a DD H9J9E=L=JK 9J= DAF=91J
penalties_weighting_K1 =6 @ N9DM= G> S} X K==EK KM>>A; A=FL
save_best_chi2 a 5= O0O9FL =KL ! @AU FGL : =KL O0OH
chi2_convergence_criteria le-5

continue_after_convergence a UTSS AL=J9LAGFK AK LQHA; 9DDQ KM>>A;
pen_weight 1 a2 - N=JJA<= L@= <=>9MDL

}

macro Deconvolution_Intensity_Penalty(i_name, fn_name) {

fn  fn_name(x, a0, al) = (a0
default_|_attributes
create_pks_fn

65

le-6 min 0 val_on_continue
fn_name

Deconvolution

- al)*2/((a0 + al) Yobs_at(x) + 1e
= Val Rand(0.99, 1.01);

-6);
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create_pks_name  $i_name

}

macro Deconvolution_Bkg_Penalty(& ¢, & w_min) {
xdd_sum #m_unique pen=(Yobs - Get(bkg))*2/Max(Get(bkg) Yobs, w_min"2);
penalty =penc;

}

macro Deconvolution_Bkg_Penalty(& c) { Deconvolution_Bkg_Penalty(c, 1) }

pen_weightover-rides the default; the default works but with slower convergencelNote, both
the peak intensity andBkg penalties areYobs scale invariant where scaling ofYobs does not
change the magnitude of the penalties relative til. KYobs_at is a new function that returns
the value ofYobs at x. w min in the Deconvolution_Bkg_Penaltymacro allows for the setting
of the expected minimum ofYobs*Bkg; a value ofl for counting statistics. For XYHiles, where
Yobs is small and where SigmaYobs is used (tof data for example), then wmin should be re-
duced.

7.1...2108Y 02 YieRpRY el U1 WGe qaqldl U

Asimulated pattern was created with noise usinge f ® A E N Ear@f theAnstrument contri-
bution deconvoluted usingE f » E 9 §  Kahe laiter INPfile looks like:

[*  Three runs to produce the deconvoluted pattern.
The name of the final deconvoluted pattern is:

pbso4 - decon - final.xy

Define one at a time in the following:

O<=>AF= "-oQ#$' ,6 #+#, 20 a OMF T
O<=>AF= "-anl.#!' +#,a-320 a OMF U
O<=>AF= "-ag$', *o"#!| - o & O0OMF V

*/

#define DO _REFINEMENT_ 'Step1

a O<=>AF= "-nol. #!'Stepi2, o-32n

a 0<=>AF= "-ua$' 6 'Step'3#dlearthe GUIfirst

macro Data_File { Sim }
#ifdef ~ DO_FINAL_DECON_
xdd Data_File## -calc -rand.xy 'load for comparision purposes
xdd Data_File## - calc - narrow.xy
user y d1 Data_File## - decon - specimen.xy
user_y d2 Data_File### - diff.xy
fit_obj =dil+d2;
Out_X Ycalc(Data_File## - decon - final.xy)
telse
Deconvolution_Init(0.5)
xdd Data_File## - calc -rand.xy
bkg @ 259.381081 89.8339877 31.6429117 - 34.4743462
34.3097757 -55.7270435 30.631573
Deconvolution_Bkg_Penalty(0.1)

/* Specimen */
CS_L(300)
CS_G(300)
Strain_L(0.05)
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Strain_G(0.05)

#ifdef ~ DO_SPECIMEN_OUT_

iters 0O

CuKa1(0.001)

Out_X_Ycalc(Data_File## - decon - specimen.xy)
#else 'DO_REFINEMENT_

num_cycles 20

Out_X_Difference(Data_File## - diff.xy)

/* Instrument */
CuKa2(0.001)
Radius(217)
Full_Axial_Model(12, 12, 12, 2.3, 7)
Divergence(1)
Slit_Width(0.1)
Absorption(60)
#endif
Xo_ls
Deconvolution_Intensity_Penalty(a, dfn)
#endif

The following figure is the deconvoluted pattern (green line, bottom plot) compared with the
expected deconvoluted pattern (red line on top of green line)The top plot (blue line) is the
original simulated pattern with noise and without noise (red line on top of blue line)
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Parameter errors determined from refinement using the deconvoluted pattern are almost
identical to errors producedusing the original pattern, see*Coelho (2018).
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8. A?fl E EA Nf 8§

[xdd...] Examples

[rebin_with_dx_of!E] NEENx Efn mA-?AfxE EE An NE

[pdf_generate{ [ Ox x ?MEE 98 tof A
[dr 15 xf [ EREAS tOf A
[r_max E] Ef xf@ g9 8§f A
[gr sst filel Wmn] RO D6 e NO ] ERE9S Of A
[hat IE [num_hats!E]
[gr_to fq!'E]

1

PDFgeneration comprises an inverse Sine transform operating on an ideal diffraction pattern
where backgroundis absent, atomic scattering factorsare constant, and 2q and peak shapes
symmetric. The task therefore becomes one of correcting real data such that it matches an
ideal pattern as closely as possible. The corrections include determining a background,
atomic scattering factors (if Xray data), removing Lorentz plarization and removing asym-
metry from peak shapes for details see9Y 1J (il ayiEE M= To generate the PDF, a deconvo-
lution process similar-to that described in section7 is used. It allows for corrections in recip-
rocal space of peak asymmetry, instrument and emission profile aberrations, Lorentz polari-
zation and atomic scattering factors corrections. The process comprises two operations de-
scribed in a single INP file; thee operations are:

9 0)Fit to the reciprocal space diffraction pattern- (Operation 0)
1 1) GenerateG(r) - (Operation 1)
1 1.0)Generate ideal pattern Ideal (8) from the parameters determined in step O.
1 1.1) Convert Ideal (2) to Q space to formIdeal(Q).
1 1.2) Fit a polynomial toldeal(Q) and saveF(Q) =Ideal(Q) wPoly)
1 1.3) GenerateG(r) from F(Q)

Each operation requires running the INP file once. Steps 1.0 to 1.3 of operation 1 is performed
with num_runsset to 4.

8.1..A2@1 WUl @RUIDALS M

Fitting to the pattern, operation 0, follows the deconvolution process GiCoelho (2018) Lattice

parameters are not required. A peak is laid down at each data point of the pattern together with

a background and appropriate penalty functions. Approximate peak shapes from a preliminary

GUc¢t WnRagaqRUNWe U¢G! t Rt A Werdcdnthendbd;lbice dpierohined pbeakk LWn Y | LL
shapes are not refined. The data entry part of a typical INP file (seef [ EMRED § Hor A
example) is as follows:

Include_PDF_Generate

START USER INPUT SECTION

macro Data_File {LFP_O - 8Kcap_AgFGM_2x4soll_EigerlD_8h.xy }

69 PDFGeneration



PDFGeneration

macro Capillary_Scan { capillary.xy }
macro Capillary_Rebin {0.1} ' Smooth the capillary scan. Zero means no smoothing.
#prm operation = 0; ' Set to 0 to fit to reciprocal space data
' Set to 1 to generate F(Q) and G(r)
' Set to 2 to fit structure to G(r)
#prm use_narrow_peak_shape =1; ' A 0 means use full peak shapes in generating G(r)

" Inputs for reciprocal space fit, operation = 0
macro & Average_f {fO_Li+f0O_Fe+f0O_P+4f0_O} ' formula of unit cell
#prm lab_no_monochromator =1; ' Set to 1 if using Laboratory instrument.
#prm use_Xo_ls_phase =1 ' Set to 0 if not fitting peaks
#prm use_bkg_penalty =1
#prm use_simple_bkg_penalty = 1; ' Set to 1 if counting statistics is not right,
' or, maybe when there's Fluorescence.

macro & Bkg_Weighting {1}
macro & Intensity_Penalty_Weighting { 1 }
macro & Scale_Peaks {1} ' Useful if capillary absorption is inhibiting fitting.
macro & Scale_Yobs By {1} ' Useful if data does not obey counting statistics.
prm pcO 1 a2 . GDQr! 9HADD9JQ ; G=>>A; A=FLK i GEE=FL GML
prm pcl O ' not using Capillary as background.
inp_text  fluorescence_bkg

{

bkg @ 3.49160163° -0.96682842" 0.292687899"
}

inp_text fit_extra

{
penalty  =10000 (Bkg_at(X2) + (pcO + pcl) Value_at_X(cap_, X2) - Yobs_at(X2))"2;

macro Start_X {24}
macro Finish_X {103 }

macro Step_X {0.02} ' Set to zero to use measured step size.
' Set to non - zero if scale_yobs_by is used
' Set to non - zero if unequal x - axis steps.

a

" Inputs for generating F(Q), operation = 1

#prm poly_fq =7; ' Number of parameters for Poly when fitting Poly to F(Q).
'View F(Q) plot, it needs to look right.
macro & Qmin {0.1}
macro & Qmax {175}
macro & Soper_Lorch_Constant {0} ' best not to use
macro & Exp_Constant {0} ' best not to use
macro & Lorch_Constant {0} " best not to use
inp_text  fg_poly
{
bkg @ 00000000 O
}
macro FQ_BKkg_Penalty
{
weighting = If(X > (X2 - 1),10, 1); ' Weigh the F(Q) data more at Qmax
penalty = Bkg_at(X1)"2; ' Restrain F(Q=0) to 0
}

a

" Inputs for generating G(r) from F(Q), operation = 1

macro R_Max {100}

macro dR {0.01}

macro Num_Hats {3} ' Best smoothing function for speed and accuracy
macro & Hat_Size {4.4934/Qmax }

a
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' Reciprocal space peak details, operation = 0
macro Full_Emmision_Profile

{
lam ymin_on_ymax  0.001
la 1 lo 05609 Ig 1le-6
la 0.55150 lo 0.5649441 |Ig 1e-6
}
macro Deconvoluted_Emmision_Profile
{
lam ymin_on_ymax 0.0005 la 1 lo 0.5609 Ig 1le-6
}
macro Full_Peak_Shape_Specimen
{
CS_G(, 70)
CS_L(, 45)
Strain_L(, 0.042)
Strain_G(, 0.42)
}
macro Full_Peak_Shape
{
Full_Peak_Shape_Specimen
Full_Axial_Model(10,10,10, 2.3, 5.73430)
}
macro Deconvoluted_Peak_Shape
{
Deconvoluted_Emmision_Profile
#if  (use_Xo_Is_phase == 0)
' Using (Yobs - background); ie. no peak shape
#elseif (use_narrow_peak_shape)
' Use Narrow peak shape
ZE(, -0.00730929318) & 1=L LG F=?9LAN= G> 0OA=LN=D< >AL
gauss_fwhm 0.05
#else 2 3 K= $MDD H=9C K@9H= KH=; AE=F
Full_Peak_Shape_Specimen
ZE(, -0.00730929318) & 1=L LG F=?9LAN= G> O0OA=LN=D< >AL
#endif
}
macro & LP_Factor_
{
#if  (lab_no_monochromator)
(1 + Cos(X Pi/ 180)"2)
#endif
1/ (Sin(X Pi/360)"2 Cos(X Pi/360)) ' Lorentz factor
}

' END USER INPUT SECTION

Include_PDF_Generate_Common

#f  (And(use_Xo_lIs_phase, Run_Number == 0, Or(fit_to_data, generate_fq_gr_from_fit)))
X0_ls
PDF_Generation_Intensity_Penalty(a,dfn, Intensity_Penalty Weighting, Scale_Peaks)
#endif

Input is required forl ¢ q ¢ Wt e HE Wt W6 WWUEC G WIWYnWad JWT ¢ qc¢ Wn R
directory for each data file. The A?f§ E EA NEfief imluded using the
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Include_PDF_Generatanacro,ldontains PDF generation specific macrosCapillary_Scanis
the name of the file corresponding to a scan of the empty capillary sample holder. Typically,
the capillary scan is collected in a short time leading to poor counting statistics; Capillary_Re-
bin can therefore be used to smooth the capillary scan. Setig the #prm calledoperationto 1
instructs the program to perform the fitting process. Settingise_narrow_peak_shapeto 1 re-
sult in narrow peaks being used in the generation of theeal (2q) (operation 1.0); this removes
peak broadening as a function of g.

8.11...... §GIUI ¢ qrRIROIGRIWI N WG Cct + WY W6 WWI Rnnl ¢ AqRY UL

Ifuse_Xo_Is_phaseOthen no peak fitting is performed and hence no deconvolution; the ideal
pattern is created using (Yobg Ycalc)/ (LP_Factor<f>), whereYcalcin this case is the back-
ground function. Also, use_simple_bkg penalty should also be set to 1. When
use_Xo_Is phasel, peaks are fitted. The program internally creates peaks and places them
at the position of thexo_Isphase. lab_no_monochromator=1 instructs the program that the
data is from a Laboratory instrument without a monochromator. Background is described as
follows:

Background=Poly_Capillary* Capillary_Scan+ Poly_ Fluorescence

Poly_Capillaryis a I* order polynomial with coefficients defined by the pcO and pcl parame-
ters. Poly_Fluorescenceis alsoa n" order Chebyshev polynomial with coefficients defined by
the user at theinp_text fluorescence_bkg{} construct; set this construct to blank when not
using. LiFePQ fluoresces, and its best to use the smallest number obkg parameters whilst
producing a good background fit. In the case of LiFeR(the high angle peaks seem to vanish.
This means that the background should be almostqual to Yobsat the highest angleX2 Such
a condition can be enforced using a penalty as shown in thep_textcalled fit_extra. The pen-
alty describes the following:

(Poly_Capillary(X2)* Capillary_Scan(X2)+ Poly_FluorescencgX2)wiYobs_at(X2y)

X2 is the reserved parameter name corresponding to the end of the diffraction pattern.
Poly_Capillaryat X2is simply (pcO+pcl), seethe XO_macroid ?fl E EA NEx9§~~§ Of
and Poly_FluorescencgX?) corresponds to Bkg_atK?2). Thepenalty therefore looks like:

inp_text  fit_extra

{
penalty  =10000 (Bkg_at(X2) + (pcO + pcl) Value_at X(cap_, X2) - Yobs_at(X2))"2;

}

The fit for LiFePO4 looks like:
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Notice the display of the background line as well as the small difference plotvhen rerunning,
operation=0, the peaks at thexo_Isphase is not recreated if already present. It may be neces-
sary, therefore, to delete the peaks at thexo Is phase when rerunningoperation=0. When
use_simple_bkg_penalty0, the full background penalty is used which relies on counting sta-
tistics. For data that does not obey counting statistics, the macro$cale_Yobs Bygan be used

to scale the observed diffraction pattern. Thiscaling is performed using theuser_ykeyword
as follows:

user_y data_file Data_File
yobs_eqn data.sst = data_file Scale_Yobs_By;
min = Start_X; max = Finish_X; del = Step_X;

Note, user_ycan also be a function of the reserved parameteX. The input created for the Ker-
nel can be viewed ilfN§ A E lOx § ] O

8.1.2......... §GIUI cnpYUmM! ¢ qRYUW] bl bWn!l YO Waq6WIWnRaaqldl WG

TheAverage fnacrois used to calculate the average atomic scattering factor & for operation
1.0. For Xray data, a rough estimate of the atomic species is helpful; for neutron data an esti-
mate is not required.Applying smoothing functions onF(Q) such as the Lorch and Sopet.orch
functions is not recommended. Instead, applying three hat convolutions directly ta5(r) is
faster and more accurate. At operation 1.1 the ideal pattern is converted @Q space. Operation
1.2 generatesF(Q) by fitting a polynomial toldeal(Q) where:

F(Q)=Ideal(Q) T Poly_FQ

fg_poly describes Poly FQusing the Chebyshev polynomial obkg; the optimum number of
coefficients is difficult to determine automatically. Its best to inspect the plots produced by
operation 1; these are generated and loaded into the GUI and, using tl&&UJITiling option,
looks like:
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Changingfqg_poly and rerunning operation 1 updates the four plots; this updating is achieved
using the keywordgui_reload Using the structure of LiFePQ the generatedG(r) can be fitted-
to by settingoperation=2. Withuse_narrow_peak_shape=0 we get:
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The grey line at the center of the plot is a correction added to the calculatéar) using:

fit_obj =al Cos(a2 X +a3) / X;

If this grey line is significant in intensity, then the value d¥(Q=0) is incorrect. Controlling the
behaviour of F(Q) at the start and end of the Q range can be done from th& Bkg_Penalty
macro. For example,F(Q=0)=0 can be set usinghe following penalty:
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penalty = Bkg_at(X1)"2;

For operation 1; intermediate pre-processed text fed to the kernel can be senttthl § A E FOx § ]
(or N 9 1OX) $ot viewing by settingsuspend_writing_to_log_fileto 0. For the current example,
N§ A E Hox 4 operation 1.0 part is as follows (comments added):

iters 0
yobs_eqn aac.sst = 1; min 0.01 max = 103; del 0.0025
gui_ignore
Out_XDD_SST(decon.sst) a | GL =PH9F<=< >GJ ; D9JALQ
2 Qutput Ycalc / (polarization * <f>)
= Ycalc / (( (1 + Cos(X 3.14159265358979/ 180)"2) 1 / (Sin(X 3.14159265358979/360)"2
Cos(X 3.14159265358979/360))) (f0__(
0.974637,0.158472,0.811855,0.262416,0.790108,0.002542,4.334946,0.342451,97.102966,201
.363831,1.409234 ) + fO__(12.311098,1.8766 23,3.066177,2.070451,6.975185, -
0.304931,5.009415,0.014461,18.743040,82.767876,0.346506 ) + fO__(
1.950541,4.146930,1.494560,1.522042,5.729711,0.155233,0.908139,27.044952,0.071280,67.
520187,1.981173) + 4 f0__(
2.960427,2.508818,0.637853,0.722838,1.142756,0 .027014,14.182259,5.936858,0.112726,34.
958481,0.390240 ))*2);
lam ymin_on_ymax 0.0005 la 1 lo 0.5609 Ig 1e-6

th2_offset =( -0.00730929318);
gauss_fwhm 0.05 2 3K= F9JJGO <=; GFNGDML=< H=9C
X0_lIs
extra_X_ left = Max(X1 - Max(X1 - 1,0.1),0);
extra_X_right = Max(Min(X2 + 1, 179.9) - X2,0);
fn dfn (x, a0, al) = (a0 - al)*2/Max(a0 + a1, 1e - 6);
default | attributes 1e - 6 min 0 val_on_continue = Val Rand(0.5, 2) + 1e - 4;

create_pks_  fn dfn create_pks_name $ a
x0 1.40009871 | a50_0.0178524321"
x0 1.42009871 | a50_0.0178524321"
xo 1.44009871 | a50_0.0178524321°

i
The actual generation of5(r) occurs when Run_Number = 3; its INP text looks like:

iters 0O
xdd fq.sst
gui_reload
lam ymin_on_ymax 0.0005 la 1 lo 0.5609 Ig 1le-6
rebin_with_dx_of 0.001
pdf_generate {
dr =0.01;
r_max = 100;

gr_sst_file ="gr"
hat =4.4934/(17.5); num_hats =3;
}
8.1.3....... OVYI I UAqRUNWq6 JWA?[ Wl 2 JWaqVYWe WAL YWIr 1yl W

A zeraerror added to peak positions in reciprocal can be subtracted from the deconvoluted
pattern of operation 1.0. Thus, a zer@rror determined from fitting to a standardn reciprocal
space needs to be subtracted from the deconvoluted pattern from within theDeconvo-
luted_Peak_Shapeamacro.
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8.1.4..... ] BOUI ¢cqRUNDW[AAA x Y k ¥ éull] bl b LU

The x f [ EfA &N1g[ A Of filelididates G(r) from an F(Q) file at Run_Number 0, then in
Run_Number 1 it uses the newly create@(r) to reproduce the originalF(Q) usinggr_to_fg The
INP file is as follows:

num_runs 3
#f  (Run_Number == 0)
xdd fq - original.sst
rebin_with_dx_of 0.005
lam ymin_on_ymax  0.0005 la 1 lo 0.5609 lg 1le-6
pdf_generate {
dr =0.01;
r_max = 300;
gr_sst_file ="gr -from -fq";
}
#elseif (Run_Number == 1)
xdd gr - from - fg.sst
gui_ignore
lam ymin_on_ymax  0.0005 la 1 lo 0.5609 Ig 1le -6
pdf_generate {
dr =0.00125;
r_max =17.5;
gr_sst_file ="fq -from -gr";
gr_to_fq 1
}
#elseif (Run_Number == 2)
xdd fq.sst
rebin_with_dx_of 0.01
user_y fg_from_gr fq - from - gr.sst

prm al min le-6
fit_obj = fq_from_gr a;
#endif

Run_Number 3 fits the newly created~(Q) to the originalF(Q); the result showing the repro-

duced FQ) (in red) and the originaF(Q) (in blue) has a small difference ploas seen in the
following:
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In this exampleG(r) from TOPAS is compared t&(r) from GudrunXfor Fullerene. The INP file
Is:

Include_PDF_Generate

START USER INPUT SECTION

macro Data_File {i15 - 1- 20401 _tth_det2_0.xy }

macro Capillary_Scan {il5 - 1- 20398 _tth_det2_0.xy}

macro Capillary_Rebin {0} ' Smooth the capillary scan. Zero means no smoothing
#prm operation = 1; ' Set to 0 to fit to reciprocal space data

' Set to 1 generate F(Q) and G(r)
' Set to 2 to fit structure to G(r)

#prm use_narrow_peak_shape =1; ' Use narrow peak shapes in the generating G(r)

" Inputs for reciprocal space fit, operation == 0

#prm lab_no_monochromator =0; ' Set to 1 if using Laboratory instrument

#prm use_Xo_ls_phase =0; ' Set to 0 if not fitting peaks

#prm use_bkg_penalty =1;

#prm use_simple_bkg_penalty = 1; ' Set to 1 if counting statistics is not right
' or maybe when there's Fluorescence

macro & Bkg_Weighting {1}

macro & Intensity_Penalty_Weighting { 1 }

macro & Scale_Peaks {1} ' Useful if capillary absorption is inhibiting fitting.

macro & Scale_Yobs By {1} ' Useful if data does not obey counting statistics.

prm pcO 1.09673044" a +MDLAHDA=K ! 9HADDY9JQ : Q 2H;S ©°© H; T PS:3

prm pcl 0.146927936 ' Comment out if not using Capillary as background.

inp_text fluorescence_bkg { }
inp_text fit_extra
{
penalty = 10000 (Bkg_at(X2) + (pcO + pcl) Value_at_X(cap_, X2) - Yobs_at(X2))"2;
}
macro Start_X {06 }
macro Finish_X {59.9 }
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macro Step_X {0.02} ' Set to 0 to use measured step size
' Set to non - zero if scale_yobs_by is use.
' Set to non - zero if unequal x - axis.
" Input for generating F(Q) - operation ==
macro & Average_f {f0_C}
macro & Qmin {05}
macro & Qmax {25}
macro & Soper_Lorch_Constant {1.1} ' Used for comparison purposes
macro & Exp_Constant {0}

macro & Lorch_Constant {0}
inp_text fq_poly
{
bkg @ 000000000

}
macro FQ_Bkg_Penalty {}

" Inputs for generating G(r) from F(Q), operation == 1

macro R_Max {50}

macro dR {0.01}

macro Num_Hats {0} ' Best smoothing funcion for speed and accuracy
macro & Hat_Size {4.4934/Qmax }

' Reciprocal space peak details, operation ==
macro Full_Emmision_Profile

{
lam ymin_on_ymax 0.0005 la 1 lo 0.161669 Ig 1e-6
}
macro Deconvoluted_Emmision_Profile
{
Full_Emmision_Profile
}

macro Full_Peak_Shape_Specimen { }
macro Full_Peak_Shape {}
macro Deconvoluted_Peak Shape

{
Deconvoluted_Emmision_Profile
#if  (use_Xo_Is_phase == 0)
" Using (Yobs - background); ie. no peak shape
#elseif (use_narrow_peak_shape)
' Use Narrow peak shape
gauss_fwhm 0.05
#else
' Use Full peak shape
Full_Peak_Shape_Specimen
#endif
}
macro & LP_Factor_
{
#if  (lab_no_monochromator) (1 + Cos(X Pi/ 180)"2) #endif
1/ (Sin(X Pi/360)"2 Cos(X Pi/360)) ' Lorentz factor
}

END USER INPUT SECTION

Include_PDF_Generate_Common
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In this example peaks are not fitted and as such use_Xo_Is_phase0 and use_sim-
ple_bkg penalty=1. fluorescence_bkgis left empty asfluorescence is not present.fit_extrais
used where apenalty is applied equating the bkg_tot to thev¥obsvalue at the end of the dif-
fraction pattern. Note, the use of the Value_at_X function. bkg_tot in this example comprises
a fit_obj which corresponds to (pcO + pcIX)*Capillary. In this example theSoper_Lorch_Con-
stant was used to match GudrunXG(r) generated for TOPAS (in red) and GudrunX (in Blue) is

as follows:

G(r) (au.)

0 5 10 15 20 25 30 35 40 45 5C
r (Angstroms)
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PDF refinement

80

[xdd]s Examples

[pdf_data]

[scale_phase X' E]B INP files

[fit_obj*Ele NEERR - AREE

[start_X#] [finish_X#] 7 E@gOf A

[rebin_with_dx of! IE] 7E@E® AE NEOF A
[rebin_start_x at 'E] 7 Ediof A

[weighting !E] 7EA® AE NEWOf A

[Tpdf_convolute]s A2mOf A

[str]B A2@of A
[scale_phase X1 E]|B X &6
[scale E] ERAOOI ROREOND AE K E tof
[view_structure] ERAGO MOREONT § 1of A
[rigid]s Af]f210f A

[occ_merge 3t R ik
[pdf scale_simple]

§9 9 EAPEr BB
9AE NEtWf A

[pdf_zerc'E| §9 @ EARE ENtOf A
{Eg:_iynrp(;?_on_ymaxO.OM] §s99-EA] EtOf A
[Tpd?_convolute]B Data files
[pdf_for_pairs $sites_1 $sites_2]s NEENR ~AmEE

[pdf_only eq_ 0] 7 EOR o

[pdf_gauss_fwhm? E] 7 EION 0

[Tpdf_convolute]... x €8 x €Bi 0

[pdf partial_13$sites]

§9 9 EAPEr HBA 7 HEOA 0

[pdf partial 2 $sites]
[pdf_partial_when!E1]

Tpdf_convolute
[pdf _convolutelH]...
[min_X!'E]
[max X!'E]
[convolute_X recal IE]

1) Can be afunction of the reserved parameter name X; Xcorresponds to r for PDFdata.

PDFrefinement as implemented operates at speed (Coelho, 2015). PDFpatterns are treated
as an xdd where most xdd keywords can be used. PDFpatterns can be refined simultaneously
with other types of xdd patterns where the latter can comprise x-ray dependent or x-ray inde-
pendent phases. Penalties, restraints and keywords such as rigid, atomic_interaction,
sites_geometry, sites_distance etc. can all be used. pdf_data tells the program that the data
setis of G(r) type. Letis write G(r) as:

G(r)=s1S(r)/ rTsar
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wherer corresponds to the x-axis, s; and s; are constants and S(r) are the pairs. pdf_scale_sim-
ple tells the program to calculate S(r)/(N, r) only. pdf_ymin_on_ymax defines the min/max
value for the PDF Gaussians in-regards-to the x-axis extents of the Gaussians; the default
value of 0.001 in typically sufficient. pdf for pairs can be used to select site pairs using the
site name, for example:

pdf _for _pairs "V* Al* 102" *

The h chéaracter excludes the O2 sequence from the wild card string, see section 20.26. Mul-
tiple pdf_for_pairs can be defined. pdf_only eq_ 0 informs the parent pdf for_pairs that only
equivalent position O is to be considered. pdf_gauss_fwhm is used to write the width equation
for the pairs selected by pdf_for_pairs. If all pairs are described by pdf_for_pairs then the as-
sociated begks are not used; the user is informed of unused beqgks. Consider the following ab-
breviated INP segment:

site Al .. beq 1
site O1 .. beq 1
pdf _for _pairs All All pdf _only _eq_O pdf _gauss _fwhm 0.1 2 Line A
pdf _for _pairs All O1 pdf _only _eq_O pdf _gauss fwhm 0.2 2 Line B
pdf for _pairs All O1 pdf _gauss _fwhm 0.3 2 Line C

The FWHNM of the interactions are as follows:

Al1-O1 : Interactions for equivalent-position-0 described using Line B.
Al1-O1 : Interactions excluding equivalent-position-0 described using Line C.
01-01 :Interactions described using begss.

pdf_info displays the interactions in matrix form; for the above INP segmentwe have:

pdf _info
{
= No pdf for _pairs defined hence : =1 «used
0 = pdf for _pairs defined with pdf _only eq_ O
1 = pdf for _pairs defined without pdf _only _eq_ O
2 = two pdf for _pairs defined, one with and one without pdf only _eq_O
All -2
o1 2-

Thematrixisin purple. pdf_for_pairstogetherwith beq defaults offer greatflexibility in describ-
ing peakwidths. See A ? INOf , AR (E1Of , 7 & @Of . sdale phase Xcan be usedto describe
Gaussian dampening, for example:

prm damp_fwhm 50 min le-6 max 200
prm damp = Gauss(0, damp_fwhm);
scale _phase X = damp;
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9.1..2 Rt Gi¢! RUNDWG¢ ! qR¢ G WA?[

Partial PDFs can be dynamically displayed each iteration of refinemepot at the end of refine-
ment. Adummy structure mechanism is used as follows:

KLJj
a E9AF ."$ H@IK=
dummy_str

phase_name "All Al2 O1 O2 O3"

pdf_partial_1 "Al1 Al2 01 O2 03"

pdf_partial_2 "Al1 Al2 01 O2 03"

pdf_partial_when 0 'Only at end of refinement
dummy_str

phase_name "V1 O4"

pdf_partial_1 "V1 04"

pdf_partial_2 "V1 04"
pdf_partial_when = Mod(Cycle_lter, 2);

pdf partial_1and pdf_partial 2 are gste identifying strings(see section 20.27) which can in-
H O 2 1 1J Iijdschrdibnaractdl and the negation characterfik pdf_partial_whendetermines
whento do the partial pdf calculation; the default value is norzero whichmeansthe calcula-
tion is performed each iteration. A value of zero results in the calculation being performed at
the end of refinement. The7 E g tOf exainple demonstrates thiswith the resulting GUI plot
looking like:

Partical PDFs (BEQ-2.INP)

17 ANO4 0.00 %
0.8 1 All Al2 01 02 O3 0.00 %
V104 0.00 %

0.6 1

"‘ N/ \, , \JA' i W/

-0.4
-0.8

Counts
o

b
i i/

2 4 6 8 10 12 14 16
2Th Degrees
9.2... GIxx U ®J vl
Consider the space group P-1 with two equivalent positions, EO and E1.:

EO) X,V,Z
El) -X,-Y, -Z

The PDFcomprises interactions between all atomic pairs. From symmetry, only interactions
between EO and the rest of the atoms are calculated. For a two-atom structure in P-1, with
atoms Aand B, the PDFcomprises unique interactions between the following pairs:
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AO0-A0, AO-A1, AO-BO, AO-B1, BO-BO, BO-B1, BO-Al

83

Each interaction can be defined separately using a combination of beq and pdf_for_pairs. If

the following is defined:

site A beq ;
site B beq b;

pdf _for pairs A B pdf _gauss _fwhm ab;
pdf _for _pairs B B pdf _only _eq_0O pdf _gauss _fwhm = b0ObO;

then the 7 types of interactions would have broadening as follows:

Pair Gauss FWHM

AO- A0 Sqrt(a 2 Ln(2) [/ Pi"2)
AOD- Al Sqra 2 Ln(2) [/ Pir2)
AO- BO ab

AO- B1 ab

BO- BO bOb0

BO- B1 Sqrh 2 Ln(2) [/ Pir2)
BO- A1 ab

For equivalent-position-0 and for distances within 10) then the following is required:

pdf _for _pairs * * pdf _only _eq_ O
pdf gauss fwhm = If( X < 10, something, 0);

pdf_info can be useful for specifyingwhat is beingused. Consider three sites A, B, C. For three

sites there are (N*2+N)/2=6 types of atom-atom interactions:

A-A, A-B, A-C,B-B,B-C,C-C

Each of these can have broadeningdefined in three different ways, take A-Afor example:

1) site A .. beq
2) pdf _for _pairs A A
3) pdf _for _pairs A A pdf _only _eq_O

Use of pdf_only_eq_Oresults in three types of A-Ainteractions:

i) interaction where none are equivalent position zero.
i) interaction where both are equivalent position zero.
iii) interaction where one is equivalent position zeroand the other not.

If case (2) is used then (i), (ii) and (iii) all use case (2); for example:

site A .. beq .. pdf_for _pairs A A ..

If case (3) is used, then beq is used for (i) and (iii) and case (3) is used for (ii); for example:

site A .. beq .. pdf_for pairs A A pdf _only eq_ O..
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If both case (2) and (3) are used then beq is ignored and case (2) is used (i) and (iii), and case
(3) for (ii); for example:
site A .. beq ..

pdf _for _pairs A A.. a (i) and (iii)
pdf for pairs A A pdf _only eq_0.. 2 (i)

9.3....f U ail O afil Y& 13 HLki 6+t

pdf_for_pairs can be used to assign different interaction types between molecules. For exam-
ple, to set the bond lengths for the atom Al1 of AIVO, (see A ? (EHOf ) fok equivalent-position-
0 only, the following could be used:

prm intra _molec 0.01 min le-6
pdf _for _pairs All "O1 O2 O3 04 O5 06" pdf _only _eq_0O
pdf _gauss _fwhm = intra _molec;

The calculated pattern from A ? i£tOf thérefore becomes:

Calculated G(r) with a molecule with narrow FWHMs
600
500%
400%
300%

200

G(r) (awu.)

100
01

-100-

-200 A

0 1 2 3 4 5 6 7
r (Angstroms)

Notice the 6 spikes; they correspond to the All bonds with narrow FWHMs. If we wanted All
bonds that are not equivalent-position-0 to be different to the beqks then we could use:

prm inter _molec 0.1 min le-6

prm intra _molec 0.01 min le-6

pdf _for _pairs All "O1 O2 O3 O4 O5 06" pdf _only _eq_0O
pdf _gauss _fwhm = intra _molec;

pdf _for _pairs All "O1 O2 O3 O4 O5 06"
pdf _gauss _fwhm = inter _molec;

This gives the following calculated pattern where we see the various All bonds.
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Calculated G(r) with a molecule with narrow FWHMs
600 ]

500
400
3001

200

G(r) (au.)

100
01

-100+

-200 -

0 1 2 3 4 5 6 7
r (Angstroms)

The corresponding output from pdf_info becomes:

pdf _info
{

No pdf _for _pairs defined

pdf _for _pairs defined with pdf _only _eq_ O

pdf _for _pairs defined without pdf _only _eq_ O

two pdf _for _pairs defined, one with pdf _only _eq_0 and one without pdf _only _eq_0O

N B O
In

An exception is thrown if the same interaction is referenced in more than one pdf for pairs,
for example, the following will throw an exception as Al1-Ol is referenced twice:

pdf _for _pairs All "O1 O2 O3 O4 O5 06" pdf _only _eq_O ...
pdf _for pairs All O1 pdf _only _eq O ..

The following will not throw an exception:

pdf _for _pairs All "Ol1 O2 O3 O4 O5 06" pdf only eq O ...
pdf _for _pairs Al1l O1 ...
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9.4...f Ut ql #@ARIINEG HRRHHOU G

INEf g ,Adf convolute is used at the xdd level to convolute a Sinc function into phases:

pdf _convolute = Sin(Qmax X+q3)/If(Abs( X) < 0.5 Step_Size, If( X < 0,-092,02), X);
min_X = -conv _max;
max_X = conv _max;

Ef pP\BDf algousesanxo s phase defined as:

Xo_lIs
NoThDependence(0.0001)
xo 10 | @ 100
peak _type pv
pv_lor 0.5
pv_fwhm 2

pdf_convolute operates on PDFtype phases only; the xo_Is phase is untouched. Note the
phase dependent use of an emission profile as defined in the NoThDependence macro. Multi-
ple pdf_convoluteks can be described at the global, xdd, str and pdf for_pairs levels. Use of
pdf_convolute as a dependent of pdf_for_pairs is slower than at the other levels; thus where
possible use pdf_convolute outside of pdf_for_pairs.

9.5....1 IR N SR DO UEBN 6 12djj!c EII q ¢

PDFand 2q data can be of very different intensities; xdd_sum can be used to modifying the
weighingof these data to giveapproximately similar weights to the patterns. For example:

xdd filel.xy
xdd _sum !suml = Abs( Yobs);
weighting =1/ sumi;

xdd file2.xy
xdd _sum !sum2 = Abs( Yobs);
weighting = 1 / sum2;
pdf _data

9.6..... NI klJof ¢ & Gdllaf 1IgprRoU G
7 EE® AE N Egeferatds a simulated pattern for 7 E @gtOf  wiiich:

comprises the structure of AIVOq, LU

3 types of beq parameters, LU

beq s afunction of X(ie. X=r) and hence peak widths are a function of X,LU
demonstrates the use of pdf_zero, Ll

=A =4 =4 4 4

demonstrates the use of rebin_with _dx_of and rebin_start x at.LU

9.7... NI klJof ¢ & Gd llad 1JporRoU G

7 EE® AE N Eg@ieratis a simulated pattern for 7 E g1Of aitAlemonstrates the use of
pdf _for_pairs.
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9.8....EGII VU I2RHIIDN R U HIRIMEIHR R g 6kY n

Increasing the x-axis step size of PDFdata can speed up refinements; see 7 E gOf . The step
sizemust be of equal size and the start of the x-axis needs to be an integral multiple of the step
size. Data can therefore be rebinned to increase step size as follows:

nmacro Rebin _Step { 0.015 }
rebin _with _dx_of Rebin _Step rebin _start _x_at Rebin _Step

Rebinning is akin to collecting the data at a larger step size. All data is included; counts after
rebinning is equal to counts before rebinning. esdis associated with the data are also re-
binned. rebin_start_x_at can be used to place the start of the data at an integral multiple of the
step size.In 7 E @IOf pakameters such as scale are written in terms of the rebin step size to
reflect the fact that the scaling of the data is changed due to rebinning.

9.9... AN RID@WMe | ¢ G 1Wqlll #
Modify the BB macro so that its empty as in the following

macro BB{ } ' Enter ! to not refine, beq including low angle fwhm sharpening

This results in refinement of four independenbeq parameters including the low angle sharp-
ening parameter of erf_a as seen in the following:

macro Beq(c, v)

{
#m_argu c
If_Prm_Eqn_Rpt(c, v, min le-6 max 10 val_on_continue =Rand(.1, 2);)
beg = CeV(c, v) Erf_Approx( erf_a X);

}

TheRwp plot is:

Launch Mode: C:\c\tb\test_examples\pdf\beqg-2.inp

20 1
: || A A
O
LT
INAVAVIVANIWIN

\
HRNEA ‘ A U
0 20 40 60 80 0 1
Iteration

151

Rwp (%)

L

102 \

20 140 160 180 200

This type of convergenceis indicative of correct derivative calculation. Convergencefor coor-
dinates, occupancies, lattice parameters and pdf_zeroare similar.
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9.10.., AN RURUNWYUW ?At HARTUAGE WE WK RVIIKG 1IU0q U

sites occZrlull @.01 u22 @.01 u33@.01 ul2@0 ul3@0 u23@0
adps _scale @1

ADPscan now beused and refined in PDF refinement. The syntax is similar to reciprocal space
refinement where theapds keyword, when used, generates the ADP parameters, for example,
the following:

site Zrl x #y# z #occ Zrl apds

becomes:

site  Zrl x# y# z # occ Zr1ADPs{ ull # u22 # u33 # ul2 # ul3 # u23 #}

This implementation is similar to PDFGufFarrowet al, 2007 where peaks are Gaussian even at
low-r. ADP parameters willhereforecorrect for peak width butot asymmetry Asymmetrydoes
occurhoweverand is noticeable whenatomic displacement geometryeistreme

adps_scale allows for the scaling of the Uij parameters and it can be a function of Xwhere X
corresponds to the distance between atoms.

prm !deltl 0.75 min le-6 max 5

prm !delt2 0 min le-5 max 1

prm !Qb 0.05 min le-6 max 1

prm aalminl _v =Rand(0.5, 1.5);

adps_scale =2 aa (Abs(1 - deltl /X - delt2 / X2 + (Qb"2) X"2));

The FWHM of a PDF peak for atom i and j is given by:
FWHM;; = Sgrt(adp_scalej Ucati + adp_scalej Ucart;)
where Ucat iS Ujj in cartesian coordinates. v isan alternative to val_on_continue.
911..~2 0 qRe¢qVYlWe GGl YeHS WaqYW 2?2 At WRULWA?[ wl

macro ADP_5 and ADP_7

! A e Examples
E I RO ? AEIOf 9 NEENx Efn mA-24x EAE
AAAB D A

[ f NxN§x] Atof A

In many cases, anisotropic displacement parameters in PDF refinement can be described us-
ing 5 or 7beq type sites, we will call these descriptions ADP_5 and ADP_7. ADP_5 comprises
7 parameters instead of the normal 6 unn parameters. These ADP_5 parameters can be trans-
formed to unn parameters by fitting unn parameters to a pattern created from the ADP_5 pa-
rameters. The fit is reasonable considering the unn model has only 6 parameteiSome main
points when using ADP_5 in PDF refinement:

1 Number of ADP parameters become 7 instead of 6.
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1 Broadening due to ADPs in G(r) is implied.
1 Asymmetry at low r is implied.
1 This approach works in Version 7 (albeit slower)

Asymmetry seen at low r is typically difficult to model; the ADP_n approach however implicitly
contains asymmetry. The computational effort increases as there are 7 atoms per ADP site;
this is offset by the very fast calculation of PDF patterns usingeq type sites. The fileA ?

? A@ cdhtains the macros necessary for describing ADRF. A A Ag§ ff derAonstrates
the ability of the ADPs7 approach to describe unn models in reciprocal space. It has three
modes of operation:

1) CREATE_USING unnsreates a simulated single crystal pattern from normal unn param-
eters for one atom.neutron_datais used the effects of atomic scattering factors.

2) FIT_USING_ADR5: fits to the simulated pattern using the ADPS approach. This refine-
ment then saves the calculated ADPs7 pattern created to a file callede f = FOc.u x

3) DETERMINE_unns_FROM_ADBsfits normal unn parameters toE f (= KOc.u x

ADP_5 sites are described in the ADP_5 macro, and it looks like:

macro ADP_5_0(s, &x0, &y0, &z0, atom, &o, &x1, &y1, &z1, &x2, &y2, &z2, &bo)
{

site s x =X0; y =Y0; z =20; occ atom =0.2 o; beq =bo;
local  #m_unique ns = Get(num_posns);

site  s## 1p x =x0+x1; y =yO+yl; z =z0+z1; occ atom=0.2 (ns/Get(num_posns)) o; beq =bo;
site  s## 2p x =x0+x2; y =y0+y2; z =z0+z2; occ atom=0.2 (ns/Get(num_posns)) o; beq =bo;
site s## Im x =x0 -x1; y =y0 -yl; z =z0 -z1; occ atom=0.2 (ns/Get(num_posns)) o; beq =bo;
site  s## 2m x =x0 -x2; y =y0 -y2; z =z0 -2z2; occ atom=0.2 (ns/Get(num_posns)) o; beq =bo;

}

Two extreme cases have been performed; results for the first case, the refined and original Uij
parameters are:

ADPs { 0.39524 0.39690 0.40143 -0.18277 -0.19009 -0.19268 } 'refined
ADPs{ 04 04 04 -0.19 -0.19 -0.19} " original

The refined values, from thdDETERMINE_unns_FROM_ADP®pération, shows good agree-
ment with the original values. Thd=IT_USING_ADPs_gperation produces a fit that looks like:

ull.1lu220.2u330.3ul20.03ul30.02u230.01
600 - p

500

400

Counts

300 1

200 1

100 4

(e S Y S Y SV S S UG WP DR LYY T SRRV SR Y T

10 15 20 25 30 35 40 45
2Th Degrees

A further extreme example is:
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ADPs { 0.39524 0.39690 0.40143 -0.18277 -0.19009 -0.19268 } 'refined
ADPs{ 04 04 04 -0.19 -0.19 -0.19} " original

TheFIT_USING_ADPS operation produces a fit that looks like:

ull .4u22 0.4 u33 0.4 ul2 -0.19 ul13 -0.19 u23 -0.19

600

500 1

400 1§
g 300 A
8

200 1

100

01— \ N N ‘ w“.»'wfvv"‘u‘v‘\‘ﬂ.‘w"”J“J“M"T‘\N ol va\nfy\“rmwuw‘nrWM-WM‘TW“{Ww»,W WMV\*jf‘v‘?*Wl"WW0‘/«‘~W‘W
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2Th Degrees

911.11....~2 0 qR¢cqVY 0 LWc GG R Gid RIg N Wia ? A} &l b WGE qaqldl Ut

This section generates describes the a reciprocal space pattern using unn parameters, then
generates a G(r) pattern from the simulated data. Then fits to the G(r) pattern using either
ADP_5 or Uij parameters. Additionally, a reciprocal space patterns cahén be simulated us-
ing the fitted ADP_5 parameters and then finally the loop is complete with a unns fit to the
reciprocal space pattern. The final unn parameters should match the original unn parameters
reasonably well. The control parameters are as faws:

#prm generate_recip_space_pattern = 1;

#prm generate_Gr_created_ from_ sine_transform = 0O;

#prm generate_Gr_calc_using_Uij = 0;

#prm ADP_5 fit to_Gr_calc_using_Uij = 0;

#prm ADPs_fit to_Gr_calc_using_Uij = 0;

#prm ADP_5 fit to_Gr_created_ from_ sine_transform = 0;

#prm ADPs_fit to_Gr_created from_ sine_transform = 0;

#prm create_recip_ADP_5_fit to_Gr_calc_using_Uij = 0;

#prm create_recip_ADP_5_fit to_Gr_created_ from_ sine_transform = 0;
#prm Fit_create_recip_ADP_5_fit_to_Gr_calc_using_Uij = 0;

#prm Fit_create_recip_ADP_5_fit_to_Gr_created_ from_ sine_transform = 0;
macro Append_to_File_Name { 1} 2 9FQL@AF? @=J= LG A<=FLA>Q GMLHML
#prm include_resolution_broadening =1;

These need to be executed one at a time and in sequence; they should be seXplanatory.

The main point is that the sine transform pattern created using generate Gr_cre-
ated_from_sine_transform comprises asymmetry whereas the calculated G(r) created using

NUUOWI ¢qPlx] | xAcOHx2t RUNDXORTWI YUt WOYqOWNS JWnNY! Gl
Also of importance is that the pattern created using generate_Gr_createtfom_sine_trans-

form is generally better fitted using ADP_5 (or ADP_7) using than when using
ADPs_fit_to_Gr_createdirom_sine_transform. The reason is that thelatter does not include

asymmetry.
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9.12...E q| e #fyYzll clARYO G AW g ODc G RUN

A2 x dENAO9 MOSREOND & E N Ec@ates/a simulated pattern for ENA 09 BOAE
E 8§ x ONf & Iti@fsimAlated annealingrefinement with all coordinates starting at zero and
with anti-bump penalties applied using:

Al _Anti _Bump(O* , O* , 24, 1, 5)
Al_Anti _Bump(Al*, O* , 16, 1, 5)
Al _Anti _Bump(Al*, AF, 28, 1, 5)

The correct solution is found as seenin the following:

Tal TOPAS-Academic V6 - [avodxy) (= |

DE BB TS/
z

‘pdfalvod-structure
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OV BTEAEPIZIABO=F

The rangeof convergencefor atomic coordinates are smaller than with reciprocal space as in
normal Rietveld refinement. This is because the coordinates, in the PDFcase, changes peak
positions rather that peak intensities; with the former havinga narrow range of convergence.
It may be possible to increase the range of convergence for the PDFcase by increasing the
peak widths; this howevercomes at the expense of resolution and may also result in an even
smaller range of convergence.

9.13.. ARV RIRINE U ¢ q ¢

A2 x @8\ f ] f ?20pérates on simulated data created by ENA O 9 ROSKXEOND & E p
N E HOft deonstrates the use of rigid bodies with PDFdata.

9.14...8 A e GalllH INBRBE U c q ¢

A28 99 EAPEr HEB 9 ¢ EA] E Kfperdies on simulated data created by 9 AE p
N E HOft deonstrates the use of occ_merge with PDFdata.

9.15...E hve R 2 ¢clYilid (xBtde¥n +s 6ldh UH 1Jthb W Uldd o Yafi! G 1J

A ? fE ROf comprises an option to use beg or pdf gauss_fwhm. For the beq case we have:
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beq = width;
and for pdf_gauss_fwhm we have:
pdf _gauss _fwhm = Sqrt(width 2 Ln(2) [/ Pir2);

The above cases are equivalent when all atoms are of the same type.
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10.EN 9 dIu OxNE

[site $name]...
[layer $layer]
[stack $layer]...
[sxE] [sy E] [szE]
[generate these $sites]
[generate_name_append $append_to_site_name]

The super cell approach to stacking faults has been implemented. layer identifies a site as
belongingto a layer called $layer; stack applies a stacking vector { sx, sy, sz } to the named
layer. Structure s factors are generatedin the usual manner with a shift applied corresponding
to the stacking vector. stack operates in any space group. Sites that do not belong to a layer
are treated as un-stacked and their structure factors are generatedin the usual manner. gen-
erate_these generates the sites found in $sites for the stack with coordinates that reflect orig-
inal $sites positions plus the stacking vector. generate name append appends $ap-
pend_to_site_name to the generatedsite. The generated sites have occupancies set to zero
which signals adummy site. Dummy sites do not take part in structure factor calculations and
hence speed is not hindered. The dummy sites allow for graphical display of the layers, i.e.

Press Ctrl key to prevent docking when dragging.

90 BYTBEAEOLAVAZARABO=E

Importantly, penalties can operate on dummy sites which allow for restraints such as Dis-
tance_Restrain. The following rules governthe behaviour of sites marked with layer:

A site marked with layer cannot take part in restraints.
A site marked with layeris not displayed graphically.
Asite generatedusing generate these can take part in restraints.

= 4 4 =

Asite not marked with layer can take part in restraints.
For example:

space _group P1
site Ol .. layer A
site 02 .. layer A
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stack A
SX ...
generate _these O1
generate _name_append _1
append _fractional
in _str _format

will output for append_fractional the following:

site Ol ..
site 02 ..
ste OlL1 .. occ OO

TheNEMENWR ~AENE9 ufF OxNESx f fdidaviow th simplify the setting up of
layers with the use of simple macros. Speed of calculation for structure factors are veryfast
and the derivatives of the stacking vectors { sx, sy, sz} are very fast. The main bottle neck in
speed is summing the peaks to Ycalc. The switch /&define Speedwinu  § x f  f ShEuOf
keywords that can speed things up in the early stages of determining the stacking vectors.

s rr o,

10.1...[ Rl 819 0 A 1Y | O 46 co)ldigld | R Do ¢ Ht K

Atest pattern was generatedusing the Debye scattering equation. The structure comprised a
single atom in an Orthorhombic unit cell with 40 layers (40x40x40 unit cells) in the a-b plane
shifted according to {Round(Rand(0,2))/3, Round(Rand(0,2))/3, 0}. The blue line in the follow-
ing is the generated pattern comprising the averageof 30 runs of the Debye scattering equa-
tion. The red line corresponds to a Rietveld fit of 6 super cell structure s (1x1x40) showing that
the super cell approach is a good approximation to the Debye formulae for this example.
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TheexampleEN 9 uf OxMNE7 p E i tOfcorrdsponds to the Rietveld fit using the layer
and stack keywords. The ? E 7 (8 & ? tOfile cArresponds to the same Rietveld fit but without
the layer and stack keywords; instead, layers are explicitly defined using site in an enlarged
unit cell.

There are two time-consuming bottle necks dealt with:

94 Stacking faults
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1) Summing peaks to Ycalc

2) Calculating structure factors for the stacked layers

The phase dependent [del_approx #] groups peaks from the peaks buffer whilst summing
peaks to Ycalc; the peaks are grouped such that their 2Th positions all lie within:

(tdel_approx Peak_Calculation_Step) < 2 Th < (del_approx Peak_Calculation_Step)

Once the groupis found then only the two peaks with the smallest and largest 2Th is kept. The
in-between peaks have their intensities appropriated to the kept peaks. The peak buffer
stretching routines have also been optimized for both accuracy and speed. The following
points should be noted when working with large super cells

1 Thelayerand stack keywords increase computational speed and reduce memory usage.

91 del _approxincrease computation speed at a relatively small cost to accuracy; a value be-
tween 1 and 3, dependent on Peak Calculation_Step, is typically acceptable.

91 The graphical display of 10s of 1000s of hkl ticks bI q 6 $B1984hkls in each phase of the
? E7p E i 0jis thne consuming; turning the graphical hkl-ticks option Off is worth-
while.

10.2...[ R qylaj Bd Y0 RiDRamAJ

EN 9uff JOxuNES§ x f fdémdastratds the application of stack and layerwith the fol-
lowing fit:
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In this example the stacking vectors are refined in a simulated annealingprocess.
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10.3.Eq¢c HRB@ G 1J0 I 1t & Re I Ewmgt 191 ¢

[generate_stack_sequences] { Examples
[number_of sequences !E]
[number_of stacks_per_sequence !E]

NEMN ~AEBNE9uf DxiNE

[save sequences $file] [ fmef 6
[save_sequences_as_strs $file] [ pr}ij '6
[user_defined_starting_transition $tran- [ frﬂ<D~f i A -

sition_name] A EN egt‘%( 7E A nNE . -
[layers _tol 1#0.5] 9AE - ‘FEEA OE 9 IE E 10T 'AA
[ avglE] At ENéER ?EA NEOf A

[N ENéFEx ?2EA  NE ? tOf
At ENéFER ?E A N EE M K/ o
E N AEMMMMM A K

[num_unique_vx vyIN]
[match_transition_matrix_stats{...}]
[transition $transition_name]...
[use_layer $layer]
[height E]
[nIN]
[to $to_transition_name !E]...
[ta E] [tb E] [tz E]
[a_add E] [b_add E] [z_add E]
}
' Get(generated c)

Stacking fault generation and refinement can now be performed at speeds that make routine
analysis possible (Coelho et al., 2016). generate stack_sequences generates sequences of
stacks from the transition matrix described by the transition keyword. The openingand closing
braces of { ... } corresponds to a block where keywords local to generate stack sequences
can be used. Outside of the braces the generate stack_sequences cank be used. After gener-
ation of the sequences, Get(generated c) is updated with the averagethickness of the gener-
ated sequences. It can be used to set the c lattice parameter.

On termination of refinement, num_unique_vx vy reports on the number of unique { sx, sy }
stacking vector coordinates for all layer types. transition defines a fromktransition with the
name $transition_name. The transition uses the layer defined in use_layer. to defines the to-
transition. $to_transition_name must be a defined $transition_name. n returns the number of
transitions generated for the corresponding to to-transition. height: can be used instead of
z add keywords. ta, tb: defines the stacking vector xand y coordinates in terms of the crystal-
lographic ¢ and Haxes. a_add, b_add: defines the stacking vector x and y coordinates relative
to the previous stacking vector in terms of the crystallographic ¢ and Haxes. tz: defines stack-
ing vector z coordinate along the crystallographic Haxis in A. add_z: defines stacking vector z
coordinate along the crystallographic Faxis in Arelative to the previous stacking vector.

user_defined_starting_transition if used, stacking begins at thetransition with the name of
$transition_name. Otherwise, stacking begins at theransition with the greatest probability
according to the probability density matrix.layer_tol corresponds to q of Fig. 1 in the paper
(Coelho, 2016);t describes the termination conditionwhen generatingthe stacking sequence.
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10.3.1....... ] WO ajcue g ¢ Hitl R e 1) [ mice O

The random number generator can be seededwith a constant seed using seedto generate the
same set ofstacking sequences each run for example:

seed #number

#number is a constant integer. Each #number generates its own unique set of random num-
bers. Generatingidentical sets of stacking sequences is useful when changes in Rup, that ex-
cludes stacking sequence variation, is required.

10.3.2....... NOEKE G Y YidH 1 Y

Stacking faulted calculated patterns can contain ripples when the peak shapes are small or
when there are too few layers stacked. The SF_Smooth macro, definedinN § A E EdhootBs
these ripples such that small supercells can approximate large supercells; this increases
computation speed and reduces memory usage. All stacking fault examples use SF_Smooth;
typical usageis:

SF_smooth(@, 1, 1)

The refined parameter adjusts the width of a Gaussian convolution that is dependent on hkls
and the intensities of the reflections. The last argument s (the HLK can be used to adjust the
tolerance of peak buffer_based on used in the SF_Smooth macro; the definition of the latter
is:

peak buffer _based on = idl;
peak buffer _based on_tol = Max(0.01 idl, Peak_Calculaton _Step 0.5 s);

Reducing s increases the number of peaks in the peaks buffer and increases the accuracy of
the calculated pattern. s=1 is typically sufficient.

10.3.3....... [ Radj @O D (aclxl 8 ¢ & W@ Iq ¢

[ fNOf udes generate stack_sequences to fit to data generated from the DIFFaX suite
(Treacy, 1991); the INP segmentthat generates the sequences looks like:

generate _stack _sequences {
number _of _sequences Nsegs 200
number _of _stacks _per _sequence Nv 200
num_unique _vx_vy 6

Transition(1, Ipc)
to 1 = pa; a_add = 2/3; b_add = 1/3; n Inl 349984
to 2 = 1-pa; a_add = 0; b_add = 0; n In2 149781
Transition(2, Ipc)
to 1 = 1-pa; a_add = 0; b _add = 0; n In3 149781
to 2 = pa; a_add = -2/3; b_add = -1/3; n 'In4 350254

The generatedprobability parameter pa can be determined using the n values as follows:
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prm !pa _gen = (n1+n3)/(n1+n2+n3+n4); : 0.699974874

The fit to the DIFFaX data looks like:

Fit-1.INP, Fitting to DIFFaX test diamond data
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10.3.4 ....... Eqc¢c HBR GM lo¥ilc ! WhR N n @IC IEIHR NG at

Layers of different thicknesses can be accurately modelled and with fast refinement. HIJ | d&K
fit to simulated data ([ f#Of ) foktwo different layer heights of 5 and 6A.

Fit-2.INP, Fitting to test data created with different layer heights
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10.3.5....... ARV DUV WL GO

Thefilesinthe A f E N ¢ EEx ?E A dirBdfory can be used to create a stacking faulted test pat-

tern using Rietveld refinement; the test pattern can then be refined against. 9 AE pgREDp

A OE 9KBf Ecrlates the INP format stacking sequences and places the result in the file

E N AV M MOM.ATRE file Af ENgEE ?EA N &arObe uded to create the test pattern

At EN@EX ?E A XM M KKl dhis test pattern can be fitted-to using [ @A f EN®E x ?
] E EA NE thiofINPAfile uses generate stack_sequences and it demonstrates the
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accuracy and speed of the stacking fault averagingprocedure. Thefit to the Rietveld generated
stacking faulted pattern looks like:

Fit-to-Rietveld-Generated.INP
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10.3.6....... Aldn RV &IGNAIIRNG qt

Layerheights can be refined by refining on parameters that are a function of the add_zor height
keywords. The [f KD dxample refines on 3 height parameters as well as the z fractional
atomic coordinates of the sites that comprise the layers. It also lists six types of transitions
which operate on three unique layertypes. The transitions points to the unique layertypes us-
inguse_layer. The c lattice parameter is defined and refined using the following:

prm qq O ¢ = Get(generated _c¢) + 0.0001 qq; : 1828.085117
Get(generated c) is also used to initialize the z fractional coordinates of the sites as follows:

prm height _Se01 7.49691
prm !zSe01 = height _Se0l1 / Get(generated _c);
site  Se01 x 05 y 0 z = zSe01; occ Se 1 beq 'bval 1 layer ¢d0O

The fit to the test data looks like:
Fit-3.INP, Refining on stacking vector and structural parameters
500

4001

300+

Sgrt(Counts)

200+

LUl o)

2 4 6 8 10 12 14 16 18 20 22 24 26 28
2Th Degrees

99 Stacking faults



Quantitative Analysis
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11.A 0O f\N f&l |BI xfB E

100

[xdd]...
[mixture_MACH#]
[mixture_density g on_cm3#]
[weight_percent_amorphous !E]
[elemental_composition]
[element_weight_percent $atom $Name #]...
[element_weight percent_known $atom #]...
[prm = Get(sum_smvs)...]
[prm = Get(mixture_ MACB ]
[prm = Get(mixture_density_g_on_cm3p ]
[Mixture_ LAC 1 on_cm(0)]
[str]...
[cell_mass 'E] [cell_volume !E] [weight percent !E]
[spiked_phase_measured_weight _percent !E] [corrected_weight_percent !E]
[phase_MAC!E]
[prm = Get(sum_smvs)... ]
[prm =Get(smv)... ]
[prm = Get(sum_smvs_minus_this)... ]
[prm =Get_Hement_Weight(atom)... ]
[Phase LAC 1 on_cm(0)]
[Phase_Density_g on_cm3(0)]

ExamplesinNE BEB\i ~ AMMBE N

111, EedGcl ! WYnWAee UqUdc dcaldt

A O pNNOf: shdws the use ofelement_weight percent_known etc.

A O ENOf: usés theKnown Weight Percentmacro

A O paNOf: usés elemental constrairnt using Get_Element_Weight

A O JgNOf: usds Known Weight Percenton ahkl_Is phase.

A O PROf: usds adummy_str to describe an amorphous phase

A O pROf: usés ahkl_Is phase; links adummy_str to the hkl_Is phase.

= -4 4 4 -4 -—a -

A O prNOf: usés afit_obj that is a function of auser y object to describe a phase; links

adummy_str to afit_objto get QUANTInfo.

QUANTIimplementation, to a large extent, is written internally using the TOPAS Symbolic sys-
tem; this allows greatflexibility. Dependencies are determined automatically and unneces-
sary recalculations kept to a minimum. AQ  pOf usks many of the above keywords and
additionally writes equivalent terms in the form of equations, for example:

100
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prm 100 Get(smv) [/ Get(sum _smvs); : 0 @ This is weight _percent

prm q = spiked _phase _measured _weight _percent /

spiked _phase _measured _weight _percent _wt; : O
prm = g Get( weight _percent ); : O a8 This is corrected _weight _percent
prm = 100 (1 - q); : O a8 This is weight _percent _amorphous

11.2...E G 130 UED g R EBdId AYW al ¢ RU q

If an elemental weight percent was known, and three phases of the mixture comprised this
element then Get_Hement_Weight can be used to getthe weight of the element as a function
of the structure, i.e.

str ...
prm z1 = Get_Element _Weight(Zr);
MVW(m1 0, !v1 0,0)

str ...
scale s2 0.001
prm z2 = Get_Element _Weight(Zr);
MVW(, 'v2 0,0)

str ...
scale s3 0.001
prm z3 = Get_Element _Weight(Zr);
MVW(, 'v3 0,0)

Rearranging the formulae for element weight percent, the scale parameter of one of the
phases, saythe first one, can be written as:

scale = (0.01 known_Zr Get(sum _smvs_minus _this) - s2 v2 z2 - s3 v3 z3)
/ (v1 (z1 - 0.01 known_Zr ml));

Get(sum_smvs_minus_this) returns the sum of SMVs minus the phase where it is defined.
A O pd0f defnonstratesthis constraint with good convergence.lt comprises 4 phases with
three comprising Zr atoms. A © KEHOf déimonstrates constraining a weight percent to a
known value using the macro:

macro Known_Weight _Percent(&  w)

{

scale = (w / (100 - w)) Get(sum _smvs_minus _this) / (Get(cell _mass) Get(cell _volume));

113 EG NG U e dYt BGEBYIUql ¢ RUq

The xdd dependent elemental_composition reports on the elemental composition of atoms
within the structure s of the xdd, for example:

101 Quantitative Analysis



Quantitative Analysis 102

a Before refinement a After refinement
xdd ... xdd ...
elemental _composition elemental _composition
{
Rietveld

AL 0.875° _0.021
(0] 26.135° _0.009
Sl 0.090° _0.003
Y 6.289° _0.012
ZR 66.612° _0.029

The xdd dependentelemental_weight _percent returns the weight percent of an element within
the corresponding stris of the xdd. Examplelllsagea

a Before refinement a After refinement

penalties _weighting _K1 0.1 penalties _weighting _K1 0.1

xdd ... xdd ...
element _weight _percent Zr+4 zr O element _weight _percent Zr+4 zr 65.027
restraint = (zr - 65); : 0 restraint = (zr - 65); : 0.027525

In this example, zris the name givento the element Zr+4, the restraint shows a known value of
65 (set for example by XRFresults). The refinement obeys the restraint according to the value
set for penalties_weighting K1. Aweight percent can be restrained using:

xdd ...
penalties _weighting _K1 0.2
restraint = (Cubic _Zirconia _wt_percent - 36); : O
str ...
MVW(0,0, !Cubic _Zirconia _wt_percent 0)

Note the name fCubic_Zirconia_wt_G IJ | Fwhighmiggivento weight percent.
114... GY| GadgecttHWa GYt RqRYU

If spiked_phase_measured_weight_percentis defined then elemental_composition will report
on Rietveld values, Corrected values, and values from the original un-spiked sample. If ele-
ment_weight _percent_known keywords are defined then elemental_composition will addi-
tionally report on the elemental contents of the amorphous phase, for example, from A O p
NOf  welhave:

elemental _composition

{

Rietveld Corrected Original Other
AL 1.176° _0.042 1.059° _0.000 0.000° _0.000 0.000° _0.000
(0] 26.271° _0.017 23.640° _0.832 23.162° _0.849 0.838" _0.849
Sl 0.104° _0.004 0.094° _0.005 0.096° _0.005 0.000° _0.000
Y 6.182° _0.013 5.563" _0.204 5.676° _0.209 0.000° _0.000
ZR 66.267° _0.055 59.631° _2.185 60.847° _2.229 2.153° _2.229
Other 0.000° _0.000 10.015° _3.224 10.219° 3.290 7.228° _0.212
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The FRR 1J q 2atiiifGYA | 1J Raluidhsicorresponds to elemental weight-percents as deter-
mined for the spiked phase; the fOl R N RHFANKS IEblumns correspond to elemental
weight-percents of the original phase. The fRietveldk fCorrectedkand fOriginalkcolumns sum
to 100%. The last row of the FCY | | 1J Hogllvink (purple number) corresponds to
Get(weight_percent_amorphous). The last row of the fOq 6 Iblumn (red number) is the
amount of sample that is undefined; it comprises the number in Greenminus the elements of
the fOtherk column. Note the zeros for Al (blue number); this is due to the spiked phase
(dummy test data) being the only phase containing Al.

11.5..0t Rdlire & o ¢@ 6 c i 1Jt HILR KNI GdEvyalia 13 U q

If it is known that the amorphous content (purple number) in the above table comprises a
known composition, say TiO,, then adummy_str can be used to describe the amorphous con-
tent, or:

dummy str
phase _name "Amorphous"
a5b5cb5
space _group 1
site  Ti occ Ti 1
sitet Oocc O 2
Known_Weight _Percent(10.0148)
MVW(O, 0 ,0)

dummy_stris that are void of MVWtakes no part in Quantitative analysis. However, if its lattice
parameters and chemistry correspond to a real structure then Mixture LAC 1 _on_cm and
phase LAC can be correctly calculated. In the case of using the Brindley correction these
changedvalues will changethe quantitative results. The space group entry can be different to
P1 so long as the chemistry is correct. Inclusion of the dummy_str produces:

elemental _composition

{

Rietveld Corrected Original
AL 1.059° _0.038 1.059° _0.000 0.000° _0.000
(0] 27.652° 0.015 27.652° _0.975 27.256° _0.995
Sl 0.094° _0.003 0.094° _0.005 0.096° _0.005
Tl 6.002° _0.000 6.002° _0.215 6.125° _0.219
Y 5.563° _0.012 5.563° _0.204 5.676° _0.209
ZR 59.631° _0.050 59.631° _2.185 60.847° _2.229
Other 0.000° _0.000 0.000° _3.583 0.000° _3.656

}

Note that the fOq 6 IFdwkbecomes zero as the amorphous content is assigned to the
dummy_str. The changes in mixture values are:

Without dummy_str:

Mixture _LAC 1 on_cm( 557.47740° _0.58665)
mixture _density _g_on_cm3 5.26713308° _0.00292681843
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With dummy_str:

Mixture _LAC 1 on_cm( 608.85143" _0.76954)
mixture _density g _on_cm3 5.86601008° _0.00407998952

If XRFresults were entered for element_weight _percent_known, for example:

element _weight _percent _known Zr 63
element _weight percent _known O 24

then we get:

elemental _composition

{

Rietveld Corrected Original Other
AL 1.059° _0.038 1.059° _0.000 0.000° _0.000 0.000° _0.000
(¢} 27.652° _0.015 27.652° _0.975 27.256° _0.995 -3.256° _0.995
SI 0.094° _0.003 0.094° _0.005 0.096° _0.005 0.000° _0.000
Tl 6.002° _0.000 6.002° _0.215 6.125° _0.219 0.000° _0.000
Y 5.563"° _0.012 5.563" _0.204 5.676° _0.209 0.000° _0.000
ZR 59.631" _0.050 59.631° _2.185 60.847° _2.229 2.153° _2.229
Other 0.000° _0.000 0.000° _3.583 0.000° _3.656 1.103° _0.431

The negativeelement weight percent for O for the amorphous content reflects the fact that the
measured XRFvaluefor Oislowerthanthe| 13°'n R U BMallike{tasiexampleis used for testing;
XRFvalues here are fictitiou s).

11.6... A 2 ¢ 1 by RADRG A ¥ o GO0 ¢d 6 ¢ + 13}

dummy_stris can be used to represent the quantitative results arising from non-str phases.
For example, consider a phase where the structure is not known but the chemistry is known.
If a calibration constant has been determined relating the hkl_|s intensities to the scale pa-
rameter of the hkl_|s phase, then adummy_str can be written as follows (seeA O @&of ): A

dummy str

phase name "Linked Cubic Zirconia"

Cubic(5.137866)

space _group F M-3_M

site Zr x O y 0 z 0 occ Zr 0.85
occ Y 0.15

ste O x 025 vy 025 z 0.25 occ O 0.96

scale = hkl _scale;

Phase _LAC 1_on_cm(0)

Phase _Density _g_on_cm3(0)

MVW(0, 0 ,0)

Note, in this case a space group has been entered with structural parameters that looks like a
known structure; this could, for example, occur where the structure is known in an ordered
state, but the diffraction pattern comprises a disordered state. In other cases, the P1 space
group may suffice with site occupancies corresponding to the appropriate chemistry. The
dummy_str is linked to the hkl_Is phase by assigningthe scale parameter of the dummy_str to
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the scale parameters of the hkl_Isphase. A O NIOf isasimilar exceptthat afit_objislinked
to adummy_str. Graphically the linked dummy_str is plotted with the calculated pattern of the

hkl_Is phase or fit_obj, for example, A © §Of préduces:
QUANT-7.INP
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0.00 %
0.21 %
0.01 %

20+ | ‘
WMJW”*MN

ﬂ&%&

Ay et Py
| [ 1] 1 \‘H\IH

\
,,,,, .

PORTTog—p
oo

HI‘\ \

201 |

\ [
H H [
—

50 60 70 80 90 100
2Th Degrees

20 30 40

110 1

Here the blue line corresponds to the dummy_str which plots the calculated pattern of the
linked fit_obj which in turn comprises auser_y object. The weight percent value determined by

the dummy_str is also displayed.

11.7...E 4 q DWW & ¢ G Wddqi6 VT

The method of OConnor and Raven (1988) has been implemented in both GUI and Launch

modes using the macros (seeN E BB\ ~ AmwgE E9 N)§ A

macro K_Factor _MACK(mac, k, tot) {
move_to xdd

local 'k factor _mac local _ mac
local 'k _factor _k_local _ k
local 'k _factor _sum wps_ = 0; : tot

}

macro K_Factor

_WP(result) {

local k_factor _wp_ = 1.6605402 Get(smv) k_factor _mac local _
| k_factor _k_local _; : result
if  Prm_There(k _factor _sum wps_) {

existing

11.8.A0 WN!

_prm k_factor

5 Y1

_sum_wps_

+= k_factor _wp_;

-

stell_mass reddtell volume rEddiveight percent redl
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sspiked_phase_measured_weight_percentliffddtorrected_weight percentlife

cell_mass$cell_volumeldl Ulideight percentldt Y It & YOULH) 4 6 dJULE Wil & WA Y O sHb 1)
¢ Ul 1) RIG & &) HAI{GEI6 6141 R ayldf 6fI0R + ajsbikeld Khase measured weight per-
centlllJ n R BHIII RIKBAId HNOMILHG R tLE ¢ ¢J WBYERLE 1) L Lidj idbtddlll 13 G133 UW 13 0 q
weight_percent_amorphousldj ¥ 13 q 1J | 1df (RYOINIG I VIR IT & b HEN Y KNG 61610 11U
xddl RW ¢ 0 G Vs ¢ & Y U dle Rikkd phase measured weight percentHl cor-
rected_weight percentlRld @) RIG & & HEINOEIVIR T JIER D G oY 4 aebiliig p
a I3 G B Wdight percent_amorphousHbS I 1J RIA 6 ¢ kgl YOG CIARE ¢ O Healli ¢ q 1J1
ctmY dt@ay s
0 56 1D WK Le O HIW KW 6t¢d 1O
B 0 Adl B~ f07 6

Eali AR 13 o BHXGHE £ Hidy W16 (130

~ L IO0 B & i 6 $1FO0

6l IO0) B ¥ O 4H0NE 61 (160

7alll RUBY U1 126 BHGE

NS RUBY D! (IR V) GiigiRivdldy spherical r cmidl Udj ad06t¢adl Ul R + dle | 1J
0 R UAJRY Il G djRYYIth nt RiHGRIG iy ldd! | LIRIE 2 1 &) U H didBivaBe MACE Ulibhix-
ture MACILIEG 1J & qy BB 1 G !
7dRm 2 U A0 ~  9r+ ¢dkindley spherical r cm
X Guell Ml R UHURY I G dgRyNIGh nifRiE & ¢1ERB ¢+ tILRIDENO
~  Qrs+ddll R UHIRY | G dpRYIGh niRug REIRCHopE d #OtILRIDEoNO
NG tRfl ¢ ttBdard 2 U FHL iR 88310 RIB 6 q Hi idj R0 ¢ 1 Ol 6 Bl dit 11 | R tyig 13 U
¢ H Y ¢JU YA G 20T ¢ G ! ¢BR AChied JEREN 0 20kl G 1)1 BRI RUMWe U WRq I
qR2IJWGHKY HIT 21

smixture_density_g on_cm3li &

9¢ O F af IcAdJIIt & o'ty AUVR + di | 10 RIGUE ¢ F tLR 1D @ o isakII LE VLhix-
ture_ MACO

smixture MACIA e
9¢ U H of iy Aljpd  AY | G dHRYYI0h nilRiE FollBOMAN R + dterd YIGtéa Y s

0

5 6 13614k Ulldnor il 62130 R UG 6 by Al {blopse MACIY I 61 ¢1RLIHEG 1) H o B2 119 il | LI
| 1J G YIH ¥pkbke MACH Ulbhixture MACHBE IH Y 0 0 MssR UIB 6 O H 2 & @& dddLiLl
0 R # died #1 AY | GdHRYYIGh ntPORR1J U q

xdd ...
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mixture _MACO
str ..
phase _MACO0

N6 Ll ¢ HiMixture LAC 1 on_cm$Bhase LAC 1 _on_cmldél UlBhase Density g _on_cm3LL
H¢ O H eldf @lldR1F dieUIEIF1 ¢l R UdIRY | G drRY NIGh ‘nt RS0 Rt ILRIJDED i Thi L
¢ UG 6teIll IXB @M+ ¢ 0 Gi Ja
xdd ...
Mixture _LAC 1 _on_cm(0)
str

Phase _Density _g_on_cm3(0)
Phase _LAC 1_on_cm(0)

B NG G e ¢ OldtR e ¢ O H e Bé abldY I0G @V Y0 nt riIR)18 @d) KT
fENUG Idjttp://phy sics.nist.gov/PhysRefData/XrayMassCoeflid |14 1J Lidj ¥t ¢ G H Hdiixé q 1
ture_ MACIt! Uljhase MACHDI

gbhase MACIES

9¢ U H of i AlpdY &1 AY | G dpRY NIt niiRiE FolmOih) aHke | IGISEHm M | REM RY U
n Yflixture MACIO

sweight_percent_amorphousliEe

201 URAINE & VI GalEY UaguRigltc ¢ GURBAUG 6t¢1UT 139G UW 13 U q
spiked _phase measured weight percentll 1J Ld) ¥ LI 1J n RHOMIdight percent_amor-
phousltj A ¢ G Ha G ¢ qlJ 1O
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12~ 1] E@BNAOI NBEE~E N

[str]...

[mag_only for_mag_sites]

[mag_space_group $symbol]

[site]...
[mix E] [mly E] [mlz E] [mg E]
[mag_only]
' Site dependent macros
MM_Crystal Axis_Display(mxc, myc, mzc)
MM _Crystal Axis_Refine(mxc, mxv, myc, myv, mzc, mzv, mix_v, mly_v, mlz_v)
MM _Cartesian_Display(mxc, myc, mzc)
MM_Cartesian_Refine(mxc, mxv, myc, myv, mzc, mzv, mix_v, mly_v, miz_v)

Thanks to Branton Campbell and John Evans for expertassistance during the implementation
of magnetic structure refinement. Magnetic refinement is implemented using the keywords
mix, mly, mlz, mg and mag_space_group. Seeexamplesinthe N E E8\i ~ Am E Flirectory
as well as the tutorial by John Evans at:

6aqaqGaoossstOl el IOcHIW2t o TYSUKW2¢Ut oqYGet xsYI t4 6
The Magnetic intensity is givenby (ldlenotes conjugate gradient):
Magneticintensity=[0 ¢ DHGHI GNHRGI|[GHNHJUII G
[G ¢ NAGHDEG NG C NS ¢)46 ¢ q

Orinwords, [0 ¢ N # Gigthe@omponent of the magnetic vector in the direction perpendic-
ular to the scattering vector A, where:

A=(xxYH)™6

AG CUdBIGA |

X is the Cartesian lattice parameters in 3x3 matrix form
6 is the Miller indices in vector form

* denotes matrix multiplication

Superscript “*denotes matrix inverse

Superscript Tdenotes matrix transpose

(xY"=reciprocal lattice parameters

[ G ¢ Nikterms of the Cartesian lattice parametersis:
[G¢NF*[GEDN

[G ¢ ffbrthe plane 6 for a single site is:

[0 ¢ B&@;*0)ExpE V)

108 Magnetic Structure Refinement


http://www.dur.ac.uk/john.evans/topas_workshop/tutorial_lamno3_magnetic.htm

Magnetic Structure Refinemer 109

where the summation is overthe equivalent positions j and:

U=6.A$+6.ql

FH{k, y, z} =site fractional coordinates

a H{mIx, mly, miz } = magnetic moment

A, =rotation part of space group operator
g=translational part of space group operator
d; =s; determinant(A) =s; det(A)

7;=s;det(A) A; = magnetic transformation matrix

Thefile~ ] 2 N (803SASfile - permission for use granted by Robert Von Dreele, author

of GSAS) comprises data for calculating magnetic form factors. The Lande splitting factor can

be refined using the site dependent parameter mg; defaults for mg are obtained from~ ] p

? N KOBhubhikov groups are obtained from the file Ec 07 f ugé] AgWher IONA N
mag_only is defined, the non-magnetic component to intensity for the site in question is ig-

nored. When mag_only for_mag_sites is defined then the non-magnetic component to inten-

sity for all magnetic sites for the str in question is ignored.

12.1...~ ¢ DU ILRR U ME I WRUNt o DFBHIUGqRY Ut
The following two messages:

1) Warning: Magnetic moment mix of site Fe has no contribution to Fmag

2) Magnetic moment mlx of site Fe cannot be refined as it has no derivative

arise when for each group of equivalent positions of a special position, the first row of the ma-
trix §7;*0 is zerowhere the jis sum over the equivalent positions of a special position group.
Similar messages for mly and mlz are given. Note, even thoughmlx, mly, mlz may not be re-
fined, the warnring of (1)is still given dependening orassociated constraints. Refinement ter-
minates in the case of message (2) when mlx is being refined.

12.2..?2 Rt Gil#l € R U HllayRHI U q ¢

Magnetic moments (Occupancy 7;*0 ) are dis- L . e
played graphically when view_structure is de-
fined. For the case where the atom balls are
masking the display of the magnetic moment
arrows, the mAtom sizencan be variedas shown
in the following:

12.3..h 2 JHY 0 GInG BDWIG 1J1I 1

When using magnetic space groups, equivalent positions for groups other than 1.1 are written
in terms of other equivalent positions.
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Let C;=cos(U),
§ =sin(Uy)
Exp(iU)=C;+i §=Euler'sformulae

For two equivalent positions of a special position, we have:

Ui=U,=U
[G¢DN + =s;det(A) ALG Exp(iU) +s;det(A) A, G Exp(iV)
¢ H = (51 det(A) As +s5 det(Ao) Ao) G Exp(iU)
=R Exp(iU)

His independent of #.INote, a particular special position could have many equivalent po-
sitions.

If for two equivalentpositions A; =-A; and g =-g then:
U=-U=U

[G¢[Gc¢iFE  sidet(A)Ad Exp(iU)+s;det(-A) (-A) & Exp(iU)

Now, det(A) A=det(-A) (-A)

or, [G¢ P[0 ¢ Fdet(A)AG (s1Exp(iVU)+s; Exp(-i U))
For s; =sy, [G¢ P[0 ¢ Fsidet(R)AG 2C

For s, =-S», [G¢ [0 c¢ FsidetR)AG (2i9)

If for two equivalent positionsifi; = A,, then:
[G¢P[Gc¢cHN =sidet(R)AT Exp(i6. A+ Exp(i6.aq) +
sodet(A) A0 Exp(i6. A+) Exp(i6.q)
=det(A) A0 (s1Exp(i6.q) +s2 Exp(i6.@)) Exp(i6. A %)
=HExp(i6. A %)

Hisindependentof $andis calculated only once. ManyA's can be the same for a particular
space group with only the djs changing.

Calculating Cand S:
Exp(i(6.A++6.d)=Exp(i6 . A+ Exp(i6Lih)
Exp(i6LL0) is constant for a particular 6 and is calculated only once.
Only unique Exp(i6 . A %) are calculated.

Trigonometric recurrence is used to calculate sines and cosines resulting in three cosine
and three sine operations per unique equivalent r. In other words, a sin and cos are not
calculated for each h; also a sin or cos function is equivalent to approximately 40 to 60
multiplie s.
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13.Af | N8B P E

[rigid]...

[point_for_site $site [ux | ua E] [uy | ub E] [uz] uc E]]...
[in_cartesian] [in_FC]

[z matrix atom_1 [atom_2 E] [atom_3 E] [atom_4 E] ]...

[rotate E[ox| qa E] [qy | ab E][qz]qc E]]...
[operate_on_points $sites]
[in_cartesian] [in_FC]

[translate [tx | ta E] [ty | tb E] [tz | tc E] ]...
[operate_on_points $sites]
[in_cartesian] [in_FC]
[rand_xyz!E]
[start_values from_site $unique_site_name]

AR 1J q ¥ 1T RPIRq) | R A dJRNGIRIYNCR Ut &t NO do GAL AR 18 KR T+ i®igid bodies com-

prise points in space defined using z_matrix or point_for_site keywords or both simultane-

ously. Operations can be performed on thesgoints using rotate and translate HBIR 1#RY ¥!G p

D1 ¢ qEIRY#DaE: 1 19

1 N dl¢ aqeBIGRMA R VNG ¢ Wl R R TW O

1 AY qc¢ @R RIB R IYIG ¢ Wl RIB R id! Y &Y R q O

1 AY q¢ IR RIA R IVIG ¢ Wil RIB R I¢! Y &6 R 1 1o

uashlib Shlic sHih St Sd sjasijb Bjcld Utk AaIc | ¢ G L dlanlatrixlél |1HIMA0I'n REEE A G G Wi 1|

5 6 RiB@E Y 0 GAGR | ¢ GldDaydpll R Bidh lidinomaxHRB 1 R | 1 & Wi ¥ U it RIA R T

HY W+ ¢ GiCAAAQ M RHDEIIH RIE SUF L R 1S IDE V1T R bR AR BRI T pl

B R 6 i 0I0H

rigidilll 13 'nt RSk c¥ il R B K Hpbint_for_sitelll 1J 'nt&ME Y MR ¢ ®IR @G| tdR AR p

Y1 T RDKRGHLAGIC | ¢ O WbaAly uzHY ¢ & q B Y08 & &t 1 o) n REORXILASAL

ubldl UllicHB R dRIdj Adldeld) 6 6 iidint for sitelll 1J GID WK matrixill 13 niRMH 1Y ARG ¢ #=ild

5 RIFE Y1 T RORIEEEN ¢ bl R H ikl dhidy (1@ Y s

 Efcuw e ¢ ERNOIE WG ¢ | ¢ GliDaGBIR g#H ¢ T 2 1J 1O

1 ¢ q YNHIG 1 H RthARBIG 1B 16 Giilnd B ¢ ol@ R RIOIEID W

1 N6 LHd N o6 %TWG 1) H RdhRDR) ¢ UBRBIH 1) o) 5 1) @) ¥3d Uldl o) WNHDI o) K3l 2 gl
1J # cildh o) WNRIG | 1 + WHTI&IN 196 VY R U q 1O

1 Kb LH#fter atom_3 specifies the angle in degrees between atom_3, atom_2 and atom_1HDI
¢ a Wil 2 di) * diddh o YNIRIG | 17 F LHTIEIE Dat] 518 Y RO q

1 N6 B q %G 1) H REh6RIB 6 1adl O raRiliad 01 0l s b Ao ciiova B o wap
¢ q YI a ¥Ndl Uld] a0t ciidval BRI o Wit ap Wae o WEHDE 1t O Nl ¢ O
R Uy AR N 6 dlce & Rie) 6liJ6 2 M R URERALIOR | 10 o Rt o W@ o )rdl
O et di) +dfdh o WNRIG | 13 7 WETICH 19t 6 1R e AR RT ! 1O

1 fridl o YNIRL SR Y RAGEILIOR 1B R id!6 IBEIG G ¢ i IME | 1dR QAL MRl g WNLL
Rl G = Y10V RdpEloR B R id! 6 BRG G ¢ & Il AG0VR o B2 F1R @C | 1dR QAL
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MEEHE 6 IJIEEDY |t & YOOIl ] ABR 6 ¢ oxEER M ¢ o Rl A0lJ6 B31Y IRMAEmALIR 0 R T
HY g6 BRG 0 ¢ BEPIE 0 cuido

rotatelll Y af Glain) for_sites Idl @ & Y adid 1) n REdodibiate BT hue ¢ i R Y G Hig Y |

T 13 n AOdAad | siRIGRI) HiokSlyShizHRE LR 1) Hil YU 1 @Il 10 n ARNITe # dHRYDU ¢
Y1 T RGcRoipiblel UlficHdlanslatel@ 13 | i Ml Bd G ofiiRipioidt for sited 16 @ G Y a0 q

R | tQRIAHY YV | T HRXheek) Ay BrHDB W8 ¢ Y H)aq@id) 19 E I n RRIAIT ¢ HaIR Y U ¢
HY Y T1Re0R @pdiblud UlicHbtateld Ullranslately G 1J It Y dBICE | 1 2RIV I8 n RUO 1J1
point_for_sitek @l¢ 0 g 11 UlboanRigrites ¥ G1J | oY did ¢UB LR T 1 U a2Rr WRigikek-
ate_on_points.lbperate_on_pointsifi 2 dill 1J i@ | 1 2 (RLVI2'n ROOim [for_sitei LiklJ WIJ H p

a R30260h Yeiil 1+ | R GoidRWER T 1) W &t#cartesian Y Ih_FCiid ¢ W12+ 1) gy #R 0 Gic G

HY VI THRIOBECD tdR1dWE | ¢ H oW ERROY | T HRUEE 1dqHDg RIS IDdhtkue af-
ter_convergenceRILI 1J'n FREAd IxyA6 | Y H#1ad [1RIU R gliR ag®u 2 1| mm@d U a1 ¥l 2 =17
clil ¢ UTIWMRE O ¢ # 13 by Qi+ Gty I1d ¢ H apRYYYU d Eredcomy im] 616 bRIO T 0 G1udT 130 q
Ge | ¢ Oof bty IR Al dlde U TUMARE G ¢ H DIRUD R aAdd) dHe | lddhDespturelli 2 0 q R p

G MM Tt &t ¢ A U @10 W&a ¢ & DIRBERprt values from sitelR U R aff B GBAXR @A

2 Kihsh 1kl R g § 1+ & YIU T R 8 il U] (GiR dlid o Y 2 U RdbesidX G 1J 1O

13.1..[ | ¢cHaqBY U oidRENE qiERF | T RUc q 13t

AR NERYRHE cHIE Y | § 2 1B & Ghid 1¢ & doiey OtaRiaDY Y1 T HROIFE o B WRED R a 6 p
Voot T 1 WENOUWD VI O 2 W eody 10iia v s

prm a 1.3 min 1.2 max 1.4

rigid
point _for _site C1 ux = a Sqrt(3) 5, uy = a .5
point _for _site C2 ux = a Sqrt(3) 5, uy = -a .5
point _for _site C3 ux = -a Sqrt(3) 5, uy = a .5
point _for _site C4 ux = -a Sqrt(3) 5, uy = -a .5
point _for _site C5 uy = a;
point _for _site C6 uy = -a;
0,

Rotate _about _axies(@ @0, @0) 2 rotate previously defined  points
Translate(@ 0.1, @0.2, @0.3) a translate previously defined  points

N6 L tadr) 5y ¢ qp 19 GUIINOonid Gl tdi @ ol SUIR 18 R ILER LELS 6 Y6l 10 LR R) HRINVERIR O p

GO AR Ultioy | G 2 tddhio IR Y O G 0 H ¢RI H q ¢ I8 U W ¢ q £ $dRRUD D

tal e A @iRIGHD ¢ # dffee U aRidHD)Y Y | T HEddhio) by B Htile d MO | WG 1) olH 6

Gl Y Dihcdd | ¢ sERAJING B¢ & H HREI I3 gl R @10 WDq) clighilY R R I+ GUGIRHR a0 !
T 13 niRCBIIR 18 K TR 1+ Ofioe Y Ul 10 OnileéE U piiml) U A WORIBMD! G RiBE 10 i 2 p

0c¢ qpR Uy e G adl o YURLE ULt il Y Giéa Y 5
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str ...
site X1 .. occ CO
site X2 ... occ CO
rigid
load z_matrix {
X1
X2 X1 1.0
Cl1 X2 13 X1 90
C2 X2 13 X1 90 C1 60
C3 X2 13 X1 90 C2 60
C4 X2 13 X1 90 C3 60
C5 X2 13 X1 90 C4 60
C6 X2 13 X1 90 C5 60

}

Atoms with occupancies fixed to zeroare dummy atoms and do not take part in structure fac-
tor calculations. Importantly however dummy atoms take part in penalties. The mixing of
point_for_site and z_matrix keywords is possible as follows:

rigid
point _for _site X1
load z_matrix {
X2 X1 1.0
C1l X2 13 X1 90 ..

}

Upd ¢ qlif R B ¢ Gsldrelide any other parameter; they can be equations and parameter attrib-
utes can be assigned. Fore+ ¢ O GjidMOH Y [R) ¢ UHHAED W 10 °n BRI 0@ Y 5

rigid
point _for _site X1
load z_matrix {
X2 X1 1.0
Cl X2 clc2 13 min 1.2 max 1.4 X1 90

C2 X2 = clcz; X1 90 C1 60
C3 X2 = clcz; X1 90 C2 60
C4 X2 = clcz; X1 90 C3 60
C5 X2 = clcz; X1 90 C4 60
C6 X2 = clcz; X1 90 C5 60

}

RE tRE A R HB 56 | iR O ol & k ¢ G @dRIIve ¢ agROVIEYYRN | Ithictia + BRI REGRIg) ! 1O
¢ 0 GHid ¢ qlfl R&il1I UG a6 ¢ Ggdia T WA IR 3I I A o @RV O a6 ¢ G p

13 aHEN 6 13 | L) B2 13 1 U YU 1) Uty ¢ R U q) ¢SIREIE E13@ 6 1JELA0Y UGN1) VIR 6 p

G 1J H i l#i6 ¢ [Endn 2 U AR @15t = 2 Gl @Az ¢ i R Y GBIy il 17 UL e

n e U AR S diist A e GO HE ol Y1 Gz 0¢c qldl 1O

13.2.. NI ¢ Ut B dimmim @R !

Once a starting rigid body model is defined, further translate I Y iRtate statements can be
included to represent deviations from the starting model. For example, if the C1 and C2 atoms
are expected to shift by up to 0.1A and as a unit then the following could be used:
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rigid

load z_matrix {
X1
X2 X1 1.0
C1l X2 13 X1 90
Cc2 X2 1.3 X1 90 C1
C3 X2 13 X1 90 C2
C4 X2 13 X1 90 C3
C5 X2 13 X1 90 cC4
Cé6 X2 13 X1 90 C5

}

translate
tx @0 min -0.1 max 0.1
ty @0 min -0.1 max 0.1
tz @0 min -0.1 max 0.1
operate _on_points "Cl C2"

60
60
60
60
60

Rigid bodies 114

wherethe additional statements arein purple. The Cartesian coordinate representation allows
an additional means of shifting the C1 and C2 atoms by refining on the uxzuy and uz coordi-
nates directly, or,

prm
prm
prm
prm
rigid

133...AYqc¢c R MI R MR Td | Y atl@TY R U q

a 1.3 min 1.2
t1 0 min -0.1
t2 0 min -0.1
t3 0 min -0.1

point
point
point
point
point
point

_for
_for
_for
_for

_for _site
_for

_site
_site

_site
_site
_site

max 1.4

max 0.1

max 0.1

max 0.1

C1 ux
C2 ux
C3 ux
C4 ux
C5
C6

a Sqrt(3)
a Sqrt(3)
=-a Sqgrt(3)
-a Sqrt(3)

05 + t1;
05 + t1;
0.5;
0.5;

uy
uy
uy
uy
uy
uy

a 05 + t2;
-a 05 + t2;
a 0.5;

-a 0.5;

a;

-a;

uz
uz

= t3;
= t3;

Many situations require the rotation of part of a rigid body around a point. An octahedra (Fg.
13-1), for example, typically rotates around the central atom with three degrees of freedom.
To implement such arotation requires setting the originat the central atom before rotation and
then resetting the origin after rotation. This is achieved using the Translate_point_amount
macro as follows:

prm r 2 min 1.8 max 2.2

rigid

point
point
point
point
point
point
point

_for
_for
_for
_for
_for
_for
_for

Translate

rotate
rotate
rotate

@0 gb 1 operate _on_points
@0 gc 1 operate _on_points

114 Rigid bodies

_site
_site
_site
_site
_site
_site
_site
_point _amount(AO,
@0 ga 1 operate _on_points

A0

Al ux
A2 ux
A3 uy
A4 uy
A5 uz
A6 uz

-) operate _on_points
"A* IAQ"
"A* IAQ"
"A* A"

"A* 1AQ0"
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Translate _point _amount(AO, +) operate _on_points "A* [AQ"

The point_for_site keywords could just as well be z_matrix keywords with the appropriate Z-
matrix parameters. The first Translate_point_amount statement translates the specified
points (Al to A6) an amount equivalent to the negative position of AQ. This sets the origin for
these points to AO. The second resets the origin back to AO. If the A0 atom happens to be at
Cartesian (0, 0, 0) then there would be no need for the Translate_point_amount statements.

[RINHNHWT M ®T WdHDm e 6 13T 1Y

[ | o]V | fotR 830 R Al W 10 'n RIGIRFIONIED Y (@000t iHad6n s i 6830 U Gl o) S
¢ UHDJ G 1J fidop 1 3Eldy YHRY W+ ¢ OSE @iDY o O M RO REAE| 6 VI HREHR B
¢GRI a

macro Orthorhombic _ Bipyramide(sO, sl, s2, s3, s4, s5 s6, rl, r2) {

point _for _site sO

point _for _site sl ux rl
point _for _site s2 ux |rl
point _for _site s3 uy rl
point _for _site s4 uy |rl
point _for _site s5 uz r2
point _for _site s6 uz |r2

}

Y aldjddd}s [ R 'n nidid 10 (imdg6OIEGS R NG SLERC HIikl Y 2 D DA | Rl N #Ealc p
6T 1 YOO

134.. AYqc¢c GRM MBI R BRI Y atllliR U 1J

Instead of explicitly entering fractional or Cartesian coordinatesrigid bodies can be created
using the rotate and translate keywords. For example, two connected Benzenerings, a sche-
matic without Hydrogens is shown in Fig. 13-2, can be formulated as follows:

prm r 1.3 min 1.2 max 1.4
rigid
point _for _site Cl ux =r;
load point _for _site ux rotate qz operate _on_points {

C2=r, 60 1 C2
C3 =r; 120 1 C3
C4 =r; 180 1 C4
C5 =r; 240 1 C5
C6 =r; 300 1 C6
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}

point _for _

load point
C8 =r;
C9 =r;
C10 =r;

}

translate
operate

site C7 ux =,
_for _site ux rotate
60 1 C8

120 1 C9

300 1 C10

Rigid bodies 116

gz operate _on_points {

tx =15 r, ty =r Sin(60 Deg);
_on_points "C7 C8 C9 C10"

N6 B Y R Gl # Y0 RED G W Y o) dtla 1 Ta @HIRED YU U 10 iR R &Y G p

dYsRUDNa

Rotate _about _

points(@ 50 min -60 max 60, C1, C2, "C7 C8 C9 C10")

The min/maxt q) ¢ q 1J CIREN ALY o) ¢ laj BICY Nl 13 01 KR ¢ U LWL Y q) ddiog 1Y T4 GHIRID 1
HY U U m@apR@mnE Ridgj 6HIY 0 0 Ys RUNDa

Rotate _about _points(@ 40 min -50 max 50, C4, C6, C5)

ER 0 RHotate_about_pointsiiby ¢ ap 1J Ol o iy QY 2168 G Coy¥iley Y | oy d@m U p
A1 IR AR q dEYGecol B R @bk ¢ U K

(cs) [RNKEHDIY T 0 & st Y O O 1L
7100 A WRD N

Another means of generatingFHg. 13-2 and the one that requires the least thought is by using
the Duplicate_Point and Duplicate rotate_z macros as follows:

prm r 1.3 min
rigid

1.2 max 14

point _for _site Cl ux =r;

Duplicate
Duplicate
Duplicate
Duplicate
Duplicate
Duplicate
Duplicate
Duplicate
Duplicate

Rotate _about _points(180,

116 Rigid bodies

rotate _z(C2, C1,
rotate _z(C3, C2,
rotate _z(C4, C3,
rotate _z(C5, C4,
rotate _z(C6, C5,
Point(C7, ©3))
Point(C8, C4)
Point(C9, C5)
Point(C10, C6)

60)
60)
60)
60)
60)

C1, C2, "C7 C8 C9 C10")
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13.4.1 ....... Ot Rilld ¢ qqj RO 1k K I opldl Gidgl ¢ Ot G ¢ q1J

Cyclopentadienyl (C5H5) is a well-defined molecular fragment which shows slight deviations
from a perfect five-fold ring (Fig. 13-3). The rigid body definition using point_for_site keywords

is as follows:

prm rl 1.19
prm r2 2.24
rigid
load point
load point
load rotate
load rotate

gz operate _on_points

_for _site
_for _site

ux { C1 =rl;
ux { HL =r2;
gz operate _on_points

C2 =rl;
H2 =r2;

C3 =rl; C4 =r1; C5 =r1; }
H3 =r2;, H4 =r2; H5 =r2; }

{ 72 1 C2 144 1 C3 216 1 C4 288 1 C5}
{ 72 1 H2 144 1 H3 216 1 H4 288 1 H5 }

¢ Uzt R Uty ! Gkt ¢ Gl R&ID Wac qRY Ua

rigid

load z_matrix {

X1
X2
C1
Cc2

FESSESRIRY

}

NG GRS ¢ gl B €10 UDqp ¢ IRjdR! Y GIRAHG il do0 + 0 Y G 1J U diRddiGi B 0 821 cd {igYWa Yo
¢ U il Eldy Yt VoG oVl 0B0Y R A REERR BIR 10 O S8 aeld ot 1R U mildi 19 qlll R +

X1
X2
X2
X2
X2
X2
C1
C1
Cc2
C3
C4
C5

1

1.19
1.19
1.19
1.19
1.19
1

1.05
1.05
1.05
1.05
1.05

X1
X1
X1
X1
X1
X2
X3

90
90
90
90
90
90
90

C1 126
C2 126
C3 126
C4 126

C1
Cc2
C3
C4
X1
X2
X2
X2
X2
X2

72
72
72
72

180
180
180
180
180

Gl ¢ aulD@ Mk FINRE 0 ¢ H I i GaNE o VIR o dHV6ecql 1B RUEND =18 OB ND Al

H Y Uity ¢ U KR I KR | W2 @flay s 1DIRIEY R H#t B Uiy XiBdtate_about_pointsill ¢ H1 Y a

Rotate _about _points(@

0, C2, C3,

"Cl H1")

Thus, the ability to include rotate and translate together with z_matrix gives great flexibility in
defining rigid bodies.
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[RINKECHYY T M ARJ D¢ BRA DY
q ¢ 1 RADJRUSGEL LHO

13.5... N6HIR & GMIMRAHR T R I1J1

NS MR O GAURMBRIHY 0 1 MR @ q YV | ¢ BjT#IYTARIR qELEE 10 Wl ¢ TR 2
Y theit SR CUD b H 6 R @ MIYI0HE Y s

rigid
point _for _site Ca uz @O min -1 max 1
rotate  rl 10 gx 1
rotate r2 10 gx = Sin(Deg rl); qy = -Cos(Deg rl);

N6 Y Y TR0 IRE UGS 13 1 BRYAE 10T RIS o 1Y o dGcR! YOS UINg! I WIELE | 11J
HYGO0zc URM®G R AING LR A LR GI& lo R MmlilcYdgld 13000 # ¢ RigCBB o LifL
q ¥ R qutR G 1IRIH01) n EIG dQojdRAINER, ¢ UliHIMa) 5 W) SHR a5 ki s 1R gLkt OIEeiinR p
qc¢ UMW GdH caiim Y1 Gealita qldl

fAld ¢ athl R B G rigid
z_matrix A a line 1
z_matrix B A 2 a line 2
rotate @20 ga 1 a line 3
rotate @20 gb 1 a line 4
translate ta @0.1 th @0.2 tc @0.3 a line 5
fOQ¢ | taRIaplY b G rigid
point _for _site A a line 1
point _for _site B uz 2 a line 2
rotate @20 ga 1 a line 3
rotate @20 gb 1 a line 4
translate ta @01 tb @02 tc @03 2 line 5

Lines 1 and 2 defines the two points (note ux, uy and uz defaults to 0), line 3 and 4 rotates the
two points around the a and then the b lattice vectors. Line 5 translates the two points to a
position in fractional atomic coordinates of (0.1, 0.2, 0.3). Lines 3 to 5 contain the five param-
eters associated with this rigid body. The Set_Length macro can instead be used to set the
distance between the two sites as follows:

Set_Length(A, B, 2, @ @, @, @30, @ 30)
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where A and B are the site names, 2 is the distance in A between the sites, arguments 4 to 6
the names givento the translation parameters, and arguments 7 and 8 are the rotational pa-
rameters. Set_Length is not supplied with the translate starting values; these are obtained
from the A site with the use of start_values from_site located in the Set_Length macro.
min/max can be used to constrain the distance between the two sites, for example:

Set _Length(A, B, @2 min 1.9 max 2.1, @, @, @, @30, @ 30)

Y offit LR ¢ HIL W niRiUBIIR] ¢ UEHIDq) 5 1 Bids INR Gl 180 ¢ | ¢ aL) @i Ul W 1J p
nROWT 1O

13.6...] WU tMaRYBRT RI1J1

Arigid body is constructed by the sequential processing of z_matrix, point_for_site, rotate and
translate¥ G 13| ¢ HBERUN VY iRIG 6 18 Y O 2 g byl 1XT 7 dbirey W WERos | T HRI0DE & I8 6 19 LW
G0 D IGUIT ¢ LN E I ¢ H) Vi GG 0L I YQ) PRI iip’ ¢ olH R ¥ | TR q 1
9¢ | tdRIQMIL i Y (@ VY 5

1 N6 DRkl o YRIG ¢ HitJdj a1 RN RU IO

T N6 W H Y 6 YEin 1) n FERIGOT ¢ & 1Gf GE0VR o L2 418

1 N6 146 Rila N1 n FERIET ¢ @IidHAS G ¢ U1J10

[ YA¢UHdRIaq® | ¢ = agRyYWU o caiie |ant G Glldc o @) B Haky1D Wéac 2 1J

1 #¢ #IRIj B G DR It aridiilc gl RHGY | 1O

1 g #IRIij AHG G ¢ U1JHO

1 At #IRlij GIUR | I & R AR MG | Y T ekt JUEHDI

AY q ¢ PREYIU ¢ Iy IRISYEEY O O 2 oGl @R dp cCYBIERYY R di YVidg G FiTipdl Uidy 6 LU
¢ H sl VidnGHe G k¥l ALIY q diefiACN Rkl Uld) 6 1l B YIEpoo! [ 1) n SHbtaieq)
and translate operate on all previously defined point_for_sitets. Alternatively point_for_siteks
can be explicitly defined using operate_on_points. operate_on_points must refer to previously
defined point_for_siteks and it can refer to many sites at once by enclosing the site names in
quotes and using the wild card character h iothe negation character h (sé&e section 20.26),

for example:

operate _on_points "Si* O* 102"

13.7.. ARMRIAC | ¢ QW IJE 1 ¥ G¢ My 1XTH dRWYOICTGR U ¢ q 14

Errors for fractional coordinates for sites defined as part of a rigid body are propagatedto the
site fractional coordinates. The example A f JdE R A 8§ E f xxixN MR HOf by Simon Par-
sons) demonstrates the equivalence of two refinements 1) using a rigid body and 2) hand cod-
ing the fractional coordinates in terms of rigid body parameters but not in fact using a rigid
body. Errors and convergencebehaviour in both cases are identical. Case (2), which has many
computer algebraequations, takes approximately the same time per iteration as case (1); this
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demonstrates that computer algebra often does not noticeably affect computational speed
evenin cases where its use is plentiful.

138...0p1 ¢ qIEHRE 0 WO IEYONn YI GcqRYU

The Z-matrix collinear points exception can be deciphered using information displayed on de-
tection of the error. The collinear error is due to three atoms on a z-matrix line which are col-
linear. The information displayed includes a snapshot of the rigid body operations pertaining
to the error. The following is an example of the information displayed:

DB x_CB Zero dot product - Z-matrix possible collinear points at atoms
010
C16 8.91631604e -016 1.0912987e -014 5.2
C15 3.72315026e -016 1.0912987e -014 3.9
Ci11 000
Partial z-matrix in error:
rigid
z_matrix Cl11
z_matrix C12 Cl11 1.3
z_matrix C13 C12 1.3 C11 120
z_matrix Cl14 C13 1.3 C12 120 Ci11 180
z_matrix C15 Cl14 1.3 C13 120 Ci11 0
z_matrix C16 C15 1.3 C14 120 C11 180
z_matrix 010 C16 1 C15 108 C11 120

The rigid body fragment can be copied to the Rigid-body editor to investigate why the error oc-
curs, i.e.

UNTITLED.RGD

Options  Loaded

Load / Hide
Update Alt-F1
Save

Save As

First guess 7 matrix
Add torsion angle

rigid
z_matrix C11
z_matrix C12 C11 1.3
z_matrix C13 C12 1.3 C11 12@
z_matrix C14 C13 1.3 C12 12@ C11 18@
z_matrix C15 C14 1.3 (€13 12@ C11 @
z_matrix C16 C15 1.3 C14 12@ C11 18@
' z_matrix 01@ C16 1 C15 188 C11 12@

The O10line is commented out asit is the line causing the error. Looking at the O10 line (using
the OpenGLwindow), we see that atoms C16, C15, C11 lie on a straight line; this is invalid as
it becomes impossible to form a dihedral angle in a non-degeneratemanner. The best way to
think about a z-matrix line with 4 atoms A, B, C, D, i.e.

z matrix A B# C# D #

is to think of two triangles ABCand DBC hinged along the line BC. The angle between the tri-
angles is the dihedral angle. If B,C,D are collinear then therefs no triangle and the dihedral an-
gle cannot be formed. Thus, for z-matrices both A,B,C and B,C,D must not be collinear. The
programtests for a zerodot-product numerically with a tolerance of 101,
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The standard macroPoint(site_name, rx), seeN § A E }géturr® the x Cartesian coordinate

of the point called site_name; y and z Cartesian coordinates are returned by ry and rz objects
respectively. These functions can only to be used in equations of the rigid body which en-
compass the keywords and their depadents of point_for_site, z_matrix, translate and rotate.
The actual value returred by Pointdepends on where it is used in the rigitbody, for example,

in the following:

rigid
point_for_site o1
translate tx 1
point_for_site 02 ux = Point(01, rx); a . GAFL @=J= J=LMJFK T
translate tx 2
point_for_site 03 ux = Paint(01, rx); a . GAFL @=J= J=LMJFK V

the final x Cartesian coordinate of site O3 becomes 3. To instead return fractional coordinates
of points, the functions Point_rx_ua, Point_rx_ub and and Point_rx_ua can be used. These
functions are passed the address of the point in question using thBoint macro with one ar-
gument. Accompanying macros simplifying the call, as defined iNl § A E jafe: 9

macro Point_ua(site_name) { Point_rx_to_ua(Point(site_name)) }
macro Point_ub(site_name) { Point_ry_to_ub(Point(site_name)) }
macro Point_uc(site_name) { Point_rz_to_uc(Point(site_name)) }

These macros can return many different values for the same point in question depending on
when they are called during the rigid body calculation.

13.10.2 B q Ul a RURUNWa6 JWY!I RUIUgcec qRYUWYn We wt C

NEENx En mdfAxE?N 9 c Kfeterhines rotation and translation parameters for a
known fragment. The known fragment isin fractional coordinates. To do the same for a frag-
ment in Cartesian coordinates then change the lattice angles t®0 degrees and adjust the lat-
tice parameter lengths.Also, see:

http://topas.dur.ac.uk/topaswiki/doku.php?id=rigid_body - matching_to_a_known_fragment

13.11. ARMERYINIM e H Y}

Set_Length(s0, s1, r, Xc, yc, zc, cva, cvb)
[R #dj ARy ¢ UliRiNq 5 i) $HER Q)
s MHELN LEite names.
a IlPR@ ¢ Uiy
A HUFHMECERS 48 ¢ | ¢ OliDandom Yl GHIY Y | T Radhst@ 1J
AHRMEeHENe lac O e GHid OB ¢ o @ MY o d d R Y dHdl Ol # 10
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Set_Lengths(s0, s1, s2, r, Xc, yc, zc, cval, cvbl, cva2, cvb2)
Set_Lengths(s0, s1, s2, s3, r, Xcv, ycv, zcv, cval, cvbl, cvaz, cvb2, cva3, cvb3)

E 1J q i6lRy ¢ (iHINa s W) 810 O] 6 1R &R0 1S 1 H o) B 1 & WNROmDEIARLI 10 RO 13T
cta

macro Set _Lengths(sO, sl, s2, r xc, yc, zceval, cvbl, cva2, cvb2)

{
Set _Length(sO0, sl, r, xc, yc, zc, cval, cvbl)

Set _Length(sO0, s2, r, Xc, yc, zc, cva2, cvb2)
}

Triangle(sl, s2,s3,r1)
Triangle(s0, s1, s2, s3, 1)
Triangle(s0, s1, s2, s3, 1, Xc, y¢, ZC, cva, cvb, cvc)

213 RIEIIAI D & RIdGECRICGENVCEIAR gt 1 U bl o) M, O
A MELNHLESHLICR IBR {113 o MBI GHAI U bl lop il ddld R¢ UN G 1IJHO
A IlPR@ ¢ UiHidy
A HipEHER @Al ¢ G W q )l WUOe ¥ 1T RIS d W@ DWW Uql ¢ 0 We qVYa
AaRMHEeH AR ac O Wa G OB ¢ o @Y odid R Y aimd U H 1
Tetrahedra(s0, s1, s2, s3, s4, 1, Xc, yc, zc, cva, cvb, cvc)
?213n Rdit]) q | clid Rids X0 Gillg ey @ O
A MELNHLEH ORI IBR dlld o MR dHI) O il o S dddd ol ¢ 6 T | ¢ 1O
q [PR@ ¢ Uiy
Aa+*rRAW AAWARealWAc!I ¢Glqll WOcalt WnY! W6 WWHRYYI T RU
aHmemaAdelac 0 W @ OF ¢ oIy od g R Y e Ol H 1
Octahedra(s0, s1, s2, s3, s4, s5, s6, 1)
Octahedra(s0, s1, s2, s3, s4, s5, s6, 1, Xc, yc, zc, cva, cvb, cvc)
213 RIdI @ = q ¢ AR aacl) O aillg Y @ O
s MALNSELESBLOM s PSR B S LER ¢f11d o KaMIR1e] Gl U bkl oy i) G4IH o ¢ 6 13T | ¢ 1O
q lPRa@ ¢ Uiy
AaFHAW HAWAHe aWAe! ¢ Wlqll WOca Wt WnY!l WadWWHYYI T RU
aREeH AR ac O Wq G OB ¢ o @Y odid R Y aimd O H 1
Hexagon sitting_on_point_in_xy plane(sl, s2, s3, s4, s5, s6, a)
Hexagon sitting_on_side_in_xy plane(sl, s2, s3, s4, s5, s6, a)

?13’n R N @OIckIc B (A @aJ1) + ¢ IRINRY qREIG)Y RAIMHLR TIRM A#J LU
GicliBWHqR21JG! 1O

A NHEHIOH M PH b IBR dild o 1
A CleiRa ¢ UBRAD
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Translate(acv, bcv, ccv)
Translate(acv, bcv, ccv, ops)

AJ | 'n MildjQ tdi @ ofiiRdy AR 1B R TW 1O
A ¢ il 7 Ae ¥ e Wi ddd t@ 6 oI Uc # dapRyW U d sro0 ¢ q 1
A Y ERG 1| dioi@ 10 2 RIVI2n AR il v 6o
Translate_with_site_start_values(sO, xc, yc, zcC)
AJ | 'n MildjQ tdi @ o#RFY WHHHIY Y | T Ra{hktdd i) ClB aond 1 1J
s MelER d{13 & 1310
A HiFEAA d ¢ O Wq 10 Yl aEsyY YT Rt 1J
Rotate about_points(cv, a, b)
Rotate_about_points(cv, a, b, pts)
AJ I n MEWIAY q ceiFRYEIGY o RinlRABISVI F Rifh 16 $HIR &HII
A ARz ] GUIR B R IR Y o dioHlYik @IS 1J H Rith Radd2nI REE 10 01K 1
A GHRRE o ¢ @R Y h REGEIAR audn Ol 1o
A GHBG 1) | dVoi@] 1) 2 (RIVIZn ROk for_sitedib 1O
Y qu i) i O # We ¥ R o o ¢dgHIVLER Uiy ABY G 1JIY Ak YO ReEDoRLY [l GLRD-
tate_about_pointslll ¢ F ILNVID+ ¢ & HWI1I A
Rotate _about points(@ 1 0, C1, C2, " C3 C4 C5 C6 ")
a QMY RiONE Ule=1d |10 U & o R i Q)G YHROGH | 1 @il RLEY oldJivia) 6 LRog)
tate_about_pointsiil R a dthibas oyt RIGa) | ¥ aiEeas R G 1 | YE by a3 19 2 RIVIZN RUO 13T
point_for sitediblED 1J 1 1J 6 G IMHNBY G 1M @y |RHTERII Vi) n RS0 13 # 19
be lld) I8 O ciRAMIG YUY op dkloHl Ykt &p oif IdBAtate_about_pointslli ¢ # Ldjik ED Lo (Y1
tG 1) HIdR WY G 1IW @By IRHlidRs ¢ IIRWI Y 2 H q O
Rotate_about_these points(cv, a, b, ops)
AJ I n MEWIAY q ceiFRYEIGY o 2l RABIEMI F Rifh 16 $HIR &HII
a ARIRYae i GUIR B R LRI Y o oY @IS 1J H Rith Radd2nIREEIR 10 01K 1
A iRk o ¢ @RI Y h REOGEIAR audm Ol 1o
a YERGC 1| i@l 13 2 (RLVIZ N RENRAOXHIR df ] KD

Rotate_about_axies(cva, cvb)
Rotate_about_axies(cva, cvb, cvc)

AJ | n MEWIOY a) clbinARYI$ Gl HD
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14.f ?2ER/f ]

BUWnYadaYsRUNDWEGNY!I Raé6 G WRY AVAEG 619V LUIGYEGMVRGSE EHBMIR ap I | ¢ q |
| Whe RI 1t Wa 6 1IJUG & B R I8t RGN a Y 1 ! WH Y O ofid AROOIY HLLALEH I3 %
cOGUONUWet ¢cNUWRY WEt WnYOaaYst a

index_zero_error
try_space_groups "2 75"
load index d {

8.912

7.126

4.296

}

fOl R2RT 2c¢ Wt GeHWIWNI Ye Gt WH U aI#H I Riqll R eI d) qURYH 10N H U0 LR
b qeUT ¢l T WaeHI YE WEr WnYGdaVYst a

Bravais_Cubic_sgs
Bravais_Trigonal_Hexagonal_sgs
Bravais_Tetragonal_sgs
Bravais_Orthorhombic_sgs
Bravais_Monoclinic_sgs
Bravais_Triclinic_sgs

N Wal ! WedaWe URKe 191018 gadIR &g RN § ILH1I2UB 16 ¢ 2 Gl R2 1JWE GG
GYsRUNDWG¢HI Y WAec UWAKWet UT a

Unique_Cubic_sgs
Unique_Trigonal_Hexagonal_sgs
Unique_Tetragonal_sgs
Unique_Orthorhombic_sgs
Unique_Monoclinic_sgs
Unique_Triclinic_sgs

§U W I O R A aIRRUWLDMHRUEHT RSB G G1we Wwo0c a ywHEY! | 3t GYUT RU
q6fJWRRG DWe UT WGH e H#IIT WR U Lo diARNS IIBHEREDIR RI0 WHG Y 6 ¢ BIG # Uik
ct Ws WadaWet We W Wagée RAWI W 20ddd dAk !t WU WL E 13 Bl R0 H1I gL 3 MIEHC

a ' F<=PAF? £ Alan@Getho (2003), J. Appl. Cryst. 36, 86 -95
a 2AE=~ U}STX K=: GF<K
a9 1L9LMK 3, 4GD %G > 8=JG

Indexing_Solutions_With_Zero_Error_2 {
0) P42/nmc 3 0 1187.321 38.82 0.0000 11.1924 ...
1) P42/nmc 3 0 1187.057 38.64 0.0000 11.1896 ...
2) P42/nmc 3 0 1187.458 38.61 0.0000 11.1914 ..

/*

P -1 0 985.652 30.80 0.0111 7.0877 ...

h k| dc do do -dc 2Thc 2Tho 2Tho -2Thc
0 0 1 15.857 15.830 -0.027 5.569 5.578 0.009
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0 1 0 8765 8.750 -0.015 10.084 10.101 0.017

*/

14.1.. RRDa | JWYn Wi Wl RalW

The figure of meritM used in indexingis as follows:

HN b

=y
C

0 P 0 ’Qﬁ 'Qﬁ Q

C:l

xEAQA 00 jB O

Where d, and d. are the observed and calculated dspacings, N, and N the number of ob-
served and calculated lines usedNun the number of unindexed lines and the summations are
over the used observed indexing linesQ; is a weighting that assists in the determination of
extinction subgroups wherew; could for example be the inverse of the error in the peak posi-
tions from aPawley refinement (seef  ? E ird | fffA 2 E i) Hdidex Acorrespond tow:. The
formulation of Q; is such that with or without Q; the figure of meritM is of the same order of
magnitude. The reciprocal-space lattice relationship solved during the indexing processJoe-
lho, 2000) includesQ as follows:

[ E— —— BN

@0 O ©a OO O ®
o @_Tt Q

x E A Qi 0 Q I¢— S

142..E¥ qRUARqRYUOW 2 ANI YaGWI UgqWl GRUcqRYU

At the end of an indexing run further indexing runs are internally performed across extinction
subgroups (see section14.8) to determine the most likely subgroup.These internal runs are
seeded with already determined lattice parameters and in most cases the correct extinction
subgroup is obtained without the need foQiin Eq. (N f\a Extinction subgroups can be explic-
ity searched using the macros definedN § A E jQfee for example Unique_Orthorhom-
bic_sgs.

143..A10GI YH1It t R URLE \MiinzRaiRM Ut LU

20qc¢c RO WYnWt YieqRYUt WHcUWAHWNWYHqEe RUWT We qlle W e ald
2RO IVA UBAE[MG @OWIE ¢ 0 GG AW 2 GGYH RUNDWI D¢ RGH WY NnLW Y

Q6 WnYadVYs RUNUPE AR MNOIEEE DIIWAD W+ T a
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index_lam  1.540596
index_zero_error
try_space_group s2
Indexing_Solutions_With_Zero_Error_2 {
50)P -1 1 0 2064.788 9.74 0.0000 ...
51)P -1 3 0 3128.349 9.61 0.0115 ...
}
load index_d {
15.83 good
8.75
7.91

}

naldl W e O RRIMEEE®RLNNR Y WHI e qlT WAYUqe¢ RURUNDWIT DacF

144..ul3! s Yl T+ WecUOT W ¢cqc Wt ql edHqgel 131

NRROT 3+ RUN

sdndex_lam rENHOP MMMP ® X é

sindex_min_IprE= &index_max_IprEe

sindex_max_Nc_on_NeEP &

sdndex_max_number_of_solutionsy O MMM e

sindex_max_th2_errorEM OMP &

sdndex_max_zero_errom MIO= é

sdndex_th2 rE| index_dree HOKOKO
sandex |LENIHbmde LWe

sindex_x0rEe

sindex_zero_erroe

sno_extinction_subgroup_searcle

sseedd & e

stry_space_groups$e HOHOO
sK_angle scalerldd M KON &
sK_scalerlid &

Values for most keywords are automatically determined or have defaults (appearing as num-

bers to the right) adequate for difficult indexing problemsin the following example fromUPPW

(service provided by Armel Le Bail to the SDPD mailing list at http://sdpd.univ -
lemans.frluppw/), 00 G ! W¢ Wn s WE 13! 5 Y IGH Y WY 16 W Edrih LU 6l RIS L0 G Y
n Y| Wa6 1JWIIdRET208 & Y DIUNMn RIG6 Ye qUé ¢ 2 RUNDLWa Y WIT Rallg 6 13 LW
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seed

index_lam 0.79776
index_zero_error
index_max_Nc_on_No 6

try_space_groups 8
load index_th2  dummy dummy index_| dummy {
a d (A) 2Theta Height Area FWHM

1.724 26.50645 2758.3 23303.7 0.0450

2.646 17.27733 150393.8 747063.6 0.0250
3.235 14.13204 98668.8 493153.7 0.0250
3.417 13.37776 11102.6 53185.0 0.0250

5.190 8.80955 782.7 3910.9 0.0250

,r

145...u 3! s Yl T+ WROWI IJq ¢ R
dndex lamUBENFRITMR © X

?213'n R U 13t ¢12a]J50 I BUBHD I 6
dndex_min_|pldE= HOMeéeklmax |plifke

20N RUIMIRUcRGMBIT WG ¢ + RGeGWectdYs Wl WiecqaqRANDWGE! ¢ alq
ceqYOlcqRBCHO! W gl GRUJT 1O

sindex_max_Nc_on_NoliEP e

20U GRUNDY W6 WG ¢+ RAGaG W ¢ qRY WY n Wa 6N W2 & @ 13 17 WY ‘i
SWeadVYst Wn Yd R HERRAGYIWIYOOE WY n W

sindex_ max_number_of solutionsm N MMM e
NS JWUe G At MIY 2 6 & VD 80 G +O
sindex max_th2_errorltEM KOM P &

Used for determining impurity lines (unindexed linesUNIin *.NDX). Large values, 1 for ex-
ample, forces the consideration of more observed input linesFor example, if it is known
that there are none or maybe just one impurity line then a large value Eddex_max th2_er-
roriltill speed up the indexing procedure.

sindex_max_zero_errorleM KO= &
B+ H O of I T el RYGG LA 1J1 Y WII 1 lindelx nabtrérdJeirorld | Wa 6 ¢ U LW

sindex_th2LiElintlex difEe OO
sdndex ILENIHbade e

index th2 Y lindex dT 1I3n RUIJt W¢ W 13 ngiliddAa RV IH LY 6 @aIGAHEHR i 1 Bl
q! GRIBIG dillid) Y Waq 6 JWe | 3¢ We UT 131 Wa 6 1J WG Ihootidghss ahaiR + Le + 13
the corresponding dspacing is not an impurity line.A single use otjood on a large d
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spacing decreases the number of possible solutions and hence speeds up the indexiif

process (see exampldll ? EAE AN NM)QH A
sdndex xOliEe

Defineslfls 4lh the reciprocal lattice equation of N pNd@W ¢ Wal RET RURH UG ¢ a q RH
b G¢ #HRUN WH ¢ URUGH 1i#HAIMMUILY RBLUAE MM W1 q H HOLW

index_ x0 =1/(d max)"2;

speeds up the indexing process (if, in this case, the first line can be indexed as 100) and
additionally the chance of finding the correct solution is enhanced, selll i N O Kdfote, Af
the data is in Zh degrees then the following can be used:

index_ x0 =(2Sin(2Th  min Pi/360 ) /wavelength))"2;

The two macrodlihdex x0 from_di¢l U lhdéx x0_from_th2lsimplify the use ofiddex x0HO
sindex_zero_errore

fORGe T 13t We¢ WA YWII I YI 1O
smno_extinction_subgroup _searché

7V W umEEeRGRqRYULW 2 ANI Ye GWIT WqWl aRU¢C qRYUWRY WG
q6 Rt WHe UWAHII WU IhD éxandtiorlddbgthilpl3eaRRIAR U N W

sseedsn & e
EOUT + W6 W ¢UT YaGWUe GHUI WNWIUWI ¢qVYl oW

stry space_groupslB e KOO
sK_angle scalerldd M FON &
sK_scalerlid e

20N RUY W6 IWt Ge H#1JW N NYEUGE diBohvaldl GilibitldgdEa). H & 1 10 KU
KEA fEBH N RO WG Y s Wi coplldt R 1 L 1IGHE0HLIRII MU aY «GARIAIOW G ! W 2 n
YOO! WoRNnAd iKW ! Galdgl | W T akRIER | LWitec Gt qURAENMI LLGHGYID LU 1J 1«
HIJt qWt Yie qRYUL WRY WeeqYOcaqRAC TG clod 1eUic # @IWWE ¢ dp L
¢ 0G0t Wiynshsed gRoUMRO
Search Use
A| RLO,IR(]]REULULOJYUYHCI RURH try_space_groups 3
~YUYHOGRURHBW?I! ¢2¢ Rt Wae¢ Q] Q] Bravais_Monoclinic_sgs
9[ZFI 1J U q 1J1 |JT L|_|CI Y U Y Ba R U RH LUY n try_space_groups 5

aa LUY [ q) 6 Y | 6 Y lj H R HLW Gec HIIU Unique_Orthorhombic_sgs
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x scalerRifllEC G RUNWncHaqVY! Wet JT WnY! W Wgldl aRURUN W6 1
t G¢ ®ECHRHO 31T + Wa Y WH IJWUHE9 dx} Heqeafiat W ¢IIN#OEUII H WG E T ¢ G D qldl L
nRUNI MIwWaa RGUWRIE G2 13t Wel JWet WnYadaYst a

9z HRH W M FOD ¢ §l q6 Yl 6 Y0 ARGYID
cldJ+ ¢ NYURMIYU ¢l P | ~YUYHIRURBWP
NJgl ¢RYUCOLW IMIODI N RAG RURMUOT =

x_angle scalerli$ a scaling factor for determining the number of angular steps for mono-
clinic and triclinic space groups.Small values, 0.05 for example, increases the number of
angular steps.The default value of 0.1 is usually adequatell

146...f T JUqRN! ROUNWI YGRUc¢c UqWAYUIJt
clJl DWe !l Was YW+ ¢ GG UNAUNR @IGOaq Wa RUIIY Wnl Yawe ow
S8 . WUCFE; V S TT[Z}TUW V[}[U S}SSS TT}T\SW TT} T\ SW \}wz\\ \S}SS
6)P -WUT; V S TT[Z} TUW VX}YZ S}SSS TT}T\SW TT}TV\SW \}wz\\ \S}SS \sS
- BN GeaUOWREY!I T 3t GYUT + WaVYWgé Wl ¢ Ut WYnLWa6 W Yae
- N UUEY I I It GYUT + WY Wgs W Ge #HIWNI Ye Grow
- N UYL It GY Eh € dle Y WD M6 W Yide qRYULWEY WnYOGVYst e

Status 1. Weighting applied as defined inCoelho (2003).

Status 2. Zero error attempt applied.

Status 3: Zero error attempt successful and impurity lines removal successful.

Status 4:  Impurity line(s) removed.
- UMY G2 GOWHRY ! T 3t GYUT tRIGY W B WY R U BJOWY n We U
- NBUEPY G2 GUWHRY! T 0t GYUT  WaqYWagé W2 Yade GUIWYnLWaé6 1JLWT
- N PEEY I Ut GYUT H WagYWagsdwnyYYT Ut WY nWnRall2 ¢ G e IO
- NS JAEETY | | 0t GYUT + Wa Ynidesg GedolibAdaR Y WIRY U # & 4 TLLIR n KO
- 9YdeGUt WY WgYWNOWHYUqec RUY Wb WWicecqaqRANDWGE! ¢ a1dql
N6 IJWa et qluags YWHY G e G U AL R HFY QO LRAJA LS ihin0Shimiion 1Y n
S W Aikd B iJma Wl 13t GURqR2 10! AutieCOARI 11ER U1H q BRI 1J1E6IXT
H R 1J U GMIChcANTIIL 13+ G 1J #K RBDIGWE ED Y U dld WHE 17 8dd & b D ol d (L
g6 U0Wq6 ¥WHY!I 1 13t GYUT RUNLWWG ¢ q q REFRILIGE ¢ & R IR dp! B RHC U241
qRn! RUNWI Y §RIOWE I+ ¢UAS WIDA WORIN Wa 6 13 W G Haindithet smallestc o q R H 1J
d-spacings is 4A then it is impossible to determine the small lattice parametein such cases

values ofT1999 will be obtained.The following table gives the hkl coefficients corresponding to
the Xnn reciprocal lattice parameters for the 7 crystal systems.

X0 X1 X2 X3 X4 X5
Cubic h2+k?+
Hexagonal, Trigonal h?+k?+h k 12
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Tetragonal h2+k? 12

Orhtorhombic h? k2 12

Monoclinic h? k2 12 hi

Triclinic h? k2 12 h k hil kI

14.7..n v WAl YACHOGWWHAc2t Ut WYnW[ ¢ RGal LA i i

KB IJWG Yt qWGI YAC A 48R0 & 6 1R ¥ (il 7 o Wk GailR fLiic + + 2 a 1
q6 Wt Gecadt quwic qaqRAIIIRIEGS 1JO WR o WIR KL RIGILN H0 & @ B R @6 i6d] Y
5 Ra6 W2 ¢ 0 e X AVE IR SUaJALEqBUD | I We l JWedl el ! WwoMWa Y W
N1 3¢ qldl 2HENEGAIUIN=ntORy 6 W WG YHT G g R RO W WA | Wa Y s

1 The number of calculated lines increases dramatically and thuiddex_max Nc_on_Noll R ¢ L
T WagVYWAHYWRUAI et UT 1O

9 The low d-spacings are probably inaccurate due to peak overlapll

HRageacqRYULWs 6131 JWRqWRE HO BRIGNDE ¢URY Wi B 10K Udal G &I # I UG V 3
RUNt We 2 REARDBAID WG ! WG Wl ! WicaqaqRHAL IO

148..EG¢ HIUWNI Ye Gt Ws Rqé6 WRkFGRGRGEY WlHE HOHN

The following table lists spaces groups than have identical hklsTypically, an indexing run will
identify one spacegroup from the extinction group.

Space group nhumbers with Space group symbols with
identical hkls identical hkls
Triclinic
M H t Mvmt
Monoclinic
® Mmp /I O /I HkO
p Yy MH I'vw 'Y [ HKY
M M t HMk O
T MO tO tukO
n MM tHM t HMKY
O C M~ tH tY tHKY
Orthorhombic
TN CRRR
no CRRH
HH NH c@ CHHH CYYH CYYY
cy /| OO
TO LoOI
oT cc /| OOn [ O0Y
np TH LOolFH LOIY
nMm cn '9lHu [/ YOI
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nc Tn LYFH LYY

oc nn co / YOumM !'YlFH [/ YOY
ot crT 'oYH [/ YYI

H 1 /| HHHM

HO HNO NN TM LHHH LHMHMHM LYYH LYYY
HM Op Oy ¢cp / HHH [/ YYH !''YYH [ YYY
pH tyyl

pcC t OO0y

cn toOy

cwM™ t 60

ny tyyy

pn t OO

pn toly

00 CH tylHm t yYl

on py tYYH tyyyY

OH pp tolHw tolY

on po tyOH t Yyl

H pT t Olum toOY

HT naog t OOn t OO0Y

oM p tYYHM tYYY

HC HY pwM t YOUHM tYFH tYYLl
M b t HMHMHM

My t HMHMH

MT t HHHM

MC HpPp nT tHHH tYYH tYYY
Tetragonal

MM H Lnmk |l OR

MM N LnmOR

MMM LnmMkl YR

MA®G MHH Lnwm¥iR RL

MAYy MHA MON LnGwOWw LnkYOY
yy LnmMkl

yn dy LonmM LROMHH

TP YH yT Pt MaAaT Mmde |[Lmm LLnkY Lmy¥Ho LY YIYT LY Y'Y
MO Nl tnky OO

MHC tnkyyoO

MO O tnHkyoO

MATO MHDN tnOO0O t nkYOO
MAN MHY tnyO t nkYyO
MAC MOp tnHoO t nHkYOO
MOT tnHKY YO

MOy tnHky OY

MO N tNnHKYYY

MHP tnkyoyY

MM N tmHmO

MAP MMH MOM tnHYOH® tnHkYYO
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MAH MMY MOC tnHYmYY#® tnHKYYY
MAM MMC MOH tnHOWOH tnHkYOY
MAA MMT MHT tnOoOMOtH tnkKYOY

y C tnHKY

Yyp MHC®O tnky tnkyyYY

pH dec tMAMHMH t NMOHMH

dn t THHMH

TC Ty oM dbp tnmMm tno tNMHH t MNOHH
TT yn d¢o tnH t NHKY tNHHH

dn MmO t NHNOHH MY

Tp YyM yo yd dhd MMM MtomttnkKY tnmuHYD WYYt OKYYY

Trigonal & Hexagonal

MCM MCT wo Go Qv
Mnc MMNy MPP MC/ MCC WOTOWWOH TOWo Y w

My n M®H tcOO tckYOO

Mp®d Mco Myc Mdpn mdbdn tomMOMO t aoHYO ttcok YYO
MpYy Mcp Myp Myy Mdo toOmOmM t ccoddMY ttcok YOY
MCd MTN MTYy MT@ tcm tcp tCMHH t CpHH
Mnn MAp MPM MPH MpPpo [ tom toH tOMMH tOMHM t OHMH
MTO MTC MYH tco tcoKY tCOHH

Mno MnNnT Mnd MpPpA MpcC tomt tomMmH t oH M TOtMYYOMY Mt ofvcY't td
MTT MYyo MYyT Myd MPM  tCcHH tmcYMcHY tckKkYYY
Cubic

HHY cm O

HM®M HHC Qo o O ©Y

HNO HHT CR 1©KR

H M CnmoH

M®PC HAH HANG HMC HHPp CHomCYXmoHY @YW

HO N L R

HHAN Im o R

HJC L 1o

HMN LnmMoH

MPT MPD HAND HMM HMT LHo Lme miomdi LYY

HHH tyoy

HMY HHO tm oy totyY

HAM HHIM tyo Y

HNp t fo

HMH HMO tMOOH tnNnMOH

My HANY tHMO tnNHOH

MPP HANA HAT HMP HHM |[tHoTmt Y naeY td YW

14.9...f OT 1% R U N Wy 2H¢ apR YWt Ol

cAHl URILE qaq RAEIW2 WHq VY 19¢Ic & WIH R eu 162 Yas iaq® 0 B IV EILEIR § §
9¢ | a NHURRU EYIF aue U ¢ | 985 RyoJadBgidolill We t Wn YO Yst a
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¢lUAUR FILL FUREH T L HUERE LB LU N s
56131 1

c4lldl
HilLI il Y ¢ e LI IR b1
FLRE Y booff U L GdTiE Y boElY do ut LERgD UmEI BT 5

ashitldl | 1JWa 6 WG ¢ q q R @866 1J th & q o [ HIA GQERIRGID tY KIS G Al ¢ q q R
7A WOHIE W He O ¢ q 130 dlorid BHaVEhetOmes nilH 1= Y 6 1J a

LI LAAERED LI, LU Kb LU 7 W 7L K| 9 LI QI

K6 13 W hue ¢ aq RWUGH HRE RO DINR O Waq 1 G WYn W6 W DHRGI YH

0 ®0 O © 00 H d T pQ N @b
561311
(A 0O o0 0 () cO0 ¢00
D) 0 0 () co O
@ O () co 0
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15.E EA]JowWw~f f~fd Nf §

151 ANGYI qRUNWYUWq6WW~¢T e UnWHY Ut gq¢ Ug

stre Examples
[madelung #] NEERNXx Efi m AXEEXEO ] tOf A

Themadelung keyword reports on the Madelung constant of a structure (Madelung, 1918).uses

the method of 9Y 130 6 YOLWEAM NPT b Wn Y| WHcGHa Ge¢ qRUN Wan& I WG D F
chargesare fromthe occ keyword, see~ ? Ex O ]#@ffineShow GRSn~ ?Ex O ] lOf A
creates an XY file with (S51) of the GRS series set to 0.01. This is a small value that shows the
behaviour of the GRS series which is as follows (blue line):

Madelung constant for Rutile

-19.6 -
-19.605 -
c ]
g ]
> N (%
> i
3 -19.615 |
3
> ]
-19.62 -
-19.625 -
1 1.2 14 1.6 1.8 2 2.2 2.4 2.6 2.8 3

S2 (Angstroms)

With the default values of S1 =1 and S2 = 1.5; the GRS series integrates between S1 and S2 to
obtain an accurate value for the Madelung constant; this is seen in the first point of the Red
line of the above plot. In energy minimization, the derivatives ofie Madelung constant as a
function of atomic coordinates constitutes the electrostatic force exerted on atoms.

152, A0GYI qRUNDWYUWaq6 WO YadYGAWGYqUUqqRe OU
b Raq ldd# LS

The site dependent keyworato reports on the Coulomb potential at a site. The sum of atlo values

equates to the Madelung constant. From observation, atoms of the same species seem to have

similar co valuesin an ionic crystal. Note, both theco and madelung keywords are independent
of the grs_interaction keyword.
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153..E06 ¢ URIDGUUqt WagYWgsdWNI + x RUqUWI ¢ AqRYU

site B LUdlNq E s E] Examples

stepulsion_refinee NEENx EA n~Ax EE

[grs_interaction[gi!Eqjr Ee W3+ NLW3+t | x € g AE ON § Kghot rewLL
so_coulombeé ] A x é &3 x NEOf A

[penalty = Get(grs_lp_rep);] ] A x é RMEMNIOf A

[penalty = Get(grs_Ip_refine);] ] AE x é RMEREOf A

Thesite dependent keywordg reports on the difference in value between the sum of alirs_inter-
cationt Ws Raé6 W6 W RaqUWRUHAHGaT T AWe U7 W6 Wt RaqUWI+FHGal
bution to all grs_interactions.

Whenrepulsion_refineis defined, then allgrs_interactiont W¢ | WIWGH ¢ HIIJT WRUWE Wbl 1
mode. In this mode,grs_interactions return the sum of the derivatives squared of thgrs_in-
teractions, with respect to the atomic coordinates, or, in pseudo code:

Sum(dgrs_interaction/df;, i)?

where f corresponds to thex, y and z coordinates of the sites associated with thegrs_interac-
tion. In this manner, a refinement will adjust repulsion parameters such that the derivatives of
the grs_interactions with respect to independent repulsion parameters are a minimum.

Repulsion parametersinclude qi, gj, g, s and any other parameters defined in thegrs_interac-
tion equation. The new site dependent keywords, scales the equation part ofgrs_interac-
tions. This simplifies the setting up ofyrs_interactions; consider the following:

grs_interaction qi =3; g = -2;AFO*pl=B1/R"7,; penalty =p1;
grs_interaction qi =5 q =-2;V* O* p2 =B2/ R"7; penalty =p2;
grs_interaction qi =3; g = 5;AV*p3=B3/R"7; penalty =p3;

Here, there are three parameters B1, B2 and B3. In thepulsion_refinemode, fractional coor-
dinates are not refined. However, their derivatives with respect to thgrs_interaction equa-
tions are expensive and are required. The site dependertparameters can be used to avoid
this recalculation as follows:

site D g 3ss11
ste 4 jqg 5s s21

site - ig-2s s31
repulsion_refine

grs_interaction ** ¢ = 1/RN9;
penalty =c;

Note the reformulation where threegrs_interactions become one. Here the program examines
the equation, 1/R"9 in this case, and, if independent of refined parameters, the program stores
the 1/R"9 values for use in the calculation of derivatives of thers_intercations equations with
respect to repulsion refined parameters. This results in a large speed up in computation. The
three parameters sl1, s2 and s3 are related to the B1, B2 and B3 values as follows:

Bl =s1s3
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B2 =s2s3
B3 =sl1s?

These parameters are related to the minimum distance fbetween two isolated atomsi and |,
and for the case of oppositeg charges, as follows:

Ui=gq/ R +ss/ R
Setting the derivative to zero:
dUj(R=R)/dR =0
we get:

Ro=[(n1) s s/ (qig) ]V

15.4..f UG el RUNDWICqqRAENDWGE! ¢ G0l WRULWNI t x

The default is to not include lattice parameters whemrepulsion_refineis defined. To include
the minimization of derivatives of thegrs_interactions with respect to the lattice parameters,
the following can be used:

penalty = Get(grs_Ip_rep); : 0

For normal refinement (epulsion_refine not defined), lattice parameters, flagged for refine-
ment, are included in the derivatives ofjrs_interactions if the following is included:

penalty = Get( grs_lp_refine );:0

155..f DUYI RUNWa6 W9 Ye d YGAHWGE ! qWyYn a6 1JWNI

The Coulomb part of thegrs_interaction can be ignored using theno_coulomb keyword. This
is useful for materials that are not wholly ionic. Various version of the Lennard Jones potential,
for example, can be implemented; consider a potential U of:

U=A/R+B/R?
To efficiency calculates this U, then twayrs_intercations can be used:

site... q 1s @1
site... q -1ls @1
grs_interaction i ¢ T Cod)aulomb
grs_interaction i ¢ T Cmdsoulomb

Here, 1/R" and 1/R”"9 values are stored in lookup tables which are calculated once at the
start of refinement. This potential is used in describing the partly ionic structure of AlOsee

] AR x é RMEHAOf . A

Thegrs_interaction equation can also be set to zero. This may be useful when looking at dipole
properties of a molecule where the centre of the electron clouds at a different position from
the nucleus, for example:
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site  All x x1# y yl# z RT O

site  All_shift x =dx1x1; y =dyl +yl; z¢ <RT ©° RT i

grs_interaction i DT ¢ S a |, G J=HMDKAGF =1 M9LAGF
grs_interaction i DTe K@A>L ¢ ndco@nb\? |, G ! GMDGE: HGL=FLA9D

15.6...x | 130 Wé qafiIR 2 RGWo RUt 31 qRUNWGE! ¢ G 13qldl

The_rem parameter attribute is an equation that is evaluated at the start of a refinement iter-
ation (note: attribute equations cannot be named). If norzero, the associated parameter is
removed from refinement for the duration of the iteration. The parameter cabe reinstated in
subsequent iterations if _remevaluates to zero; for example, to reinstate the parameter after
convergence and into a new Cycle, the following could be used:

prm al _rem = Mod(Cycle, 2);

15.7...0t RUNDWYt xq¥YxHYUqRU2 13We U7 Wx | 13a

In version 7,the x é § AL ON § Kdést eXample was the fastest way of solving the AIVO
structure. In that example, the scattering power of the Al and V sites are allowed to refine
within the scattering power range of Al+3 and V+5. An alternative to refining on the Al+3 occu-
pancies, is to fix the occupancies for a certain number of Cycles ahthen change the occu-
pancies on the Al+3 site without actually including them in the refinement. This is accom-
plished using the new keywords obk_to_continue, g, sand the new_remparameter attribute;

it works as follows (seg] A x € &% x NBf foidetails):

macro qal {3} a 1 @9J?= G> D° VvV

macroqv {5} a 1 @9J?= G> 4°X

macro exp {9} a 0=HMDKAGF =PHGF=FL

macro ro_al{1.65} a8 0G N9DM=K >JGE : GF< <AKL9F; =K

macro ro_ v {15}
macro ro_oo{2.4}

a 1 @9F?= 0G N9DM=K LG K N9DM=K

prm !so = Sqrt((4 ro_oo”(exp -1))/ exp); : 22.1184
prm !sal = ((ro_al*(exp -1))6/exp )/so;: 1.65587133
prm Isv = ((ro_v~(exp -1)) 10/ exp) / so; : 1.28746033

macro S_ {If(Get(q) == gal, sal, sv) }

macro OCC { If(Get(q) == qal, 1, 1.85) }

macro VW{ rand xyz 1} 2 O09F<GEAR= KAL=K 9L KL9JL G> ; Q; D=
macro VQ{ _rem 1 val on_continue = If(Mod(Cycle,10), If(Rand(0,1)<0.5,qal,qv), Val); }

prm gl gal VQ

prm g2 gal VQ

prm g3 qgal VQ

prm g4 qv VQ

prm g5qv VQ

prm g6 =3gqal +3qv - gl - 92 - g3 - g4 - 05;

2 #FKMJ= K; 9LL=JAF? HGO=J =1 M9DK VO D KAL=K HDMK VO4 KAL-=
ok_to_continue = 0r(g6 == qal, g6 == qv);

Grs_(*, * exp, 0) a 2JKoAFL=J9; LAGF H=F9DLQ
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site Al X @00 vy @ 09 z @ 0.8 occ A+3=0CC; g =ql; s =S_;W
site Al x @ 0.1 y @ 0.0 z @ 09 occ A+3=0CC; g =0@2; s =S_;W
site Al x @ 0.2 y @ 0.1 z @ 0.0 occ A+3=0CC; g =@3; s =S_;W
site Al x @ 0.3 y @ 0.2 z @ 01 occ A+3=0CC; g =q4; s =S_;W
site Al x @04 vy @ 03 z @ 0.2 occ A+3=0CC; g =05 s =S_;W
site Al x @ 0.5 y @ 04 z @ 0.3 occ A+3=0CC; g =q6; s =S_;W
siie O1 x @ 0.6 y @ 0.5 z @04 occ O21 g -2 s =s0;VV
site 02 x @ 0.7 y @ 0.6 z @05 occ 021 g -2 s =s0;VV
sitie O3 x @ 0.8 y @ 0.7 z @06 occ O21 g -2 s =s0;VV
site 04 x @ 0.9 y @ 0.8 z @07 occ O21 g -2 s =s0;VV
siie O5 x @ 0.0 y @ 0.9 z @08 occ 021 g -2 s =s0;VV
siie 06 x @ 0.1 y @ 0.0 z @09 occ 021 g -2 s =s0;VV
sie O7 x @02 vy @ 0.1 z @00 occ 021 g -2 s =so0; VWV
sie 08 x @03 y @ 0.2 z @01 occ 021 g -2 s =so0;VV
sie 09 x @04 y @ 03 z @02 occ 021 g -2 s =so0; VWV
sie 010 x @05 y @04 z @ 03 occ O21 q -2 s =s0; VW
sie Ol11 x @ 06 y @ 05 z @04 occ 021 g -2 s =so0; VWV
sie 012 x @ 07 y @ 0.6 z @05 occ 021 g -2 s =so0; VWV

The above will change the scattering power on the Al* sites every™Qycle as defined in the
é AWlG ¢ A1 YIOW Y qlJ StHgndetattibhiand tHE Grsi ImHEo Ubtkillike:

macro Grs_(sl, s2, &n, V)

{
grs_interaction sl s2 #m_unique ¢ =
If (R <rsm,
(( -nrsm?( -2 - n)/2) R"2 + rsm’\( - n) + n/(2 rsm”n)),
1/R"n
)i
penalty =c;:v
}

E § x NEOf opekates in three modes which can be chosen by the two control parameters (in
Red) in the INP text at the top of the file and is as follows:

continue_after_convergence
#prm penalties_only_start_at Rietveld_positions = iLe
#f penalties_only_start_at_Rietveld_positions;
only penalties
verbose 1
temperature 0.5 use_best values
#else
#prm solve_using_real_data_and_penalties = 1l
#prm solve_using_penalties_only = solve_using_real_data_and_penalties == 0;
verbose -1
num_runs 10 ' Solve structure 10 times, change to 1 to see solution

#if  solve_using_real_data_and_penalties;

' Minimum energy at 5%

temperature = If(Mod(Cycle, 200), 0.7, 10);

iters = If(And(Cycle_lter > 2, Get(r_wp) < 8), 0, 1000000000);
#endif
#if  solve_using_penalties_only;

' Minimum energy at -423.5
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only_penalties
temperature = If(Mod(Cycle, 200), Rand(0.35, 0.7), 10);
iters = If(And(Cycle_lter > 2, Get(r_wp) < -423), 0, 1e9);
#endif
#endif

RunningE § x NBf with penalties_only_start_at_Rietveld_positions1refines on the atomic
coordinated with only penaltiesdefined. It also displaces the atomic positions by an amount
of rand_xyZtemperature, or, 0.5A in a random direction at the start of each cycle. As can be
seen whilst running, the structure returns to the Rietveld refined values after each cycle.

Running E § x NBf with solve_using_real_data_and_penaltiesl solves the structure 10
times and the Rwp plot looks like:

Solve-1.inp, data and penalties

50

45
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35

W M“m W”W‘ i MWMMM i

p—d
|'|'| 'l "'!U' [ | | l

Rwp (%)

15
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0 200 400 600 800 1,000 1,200 1,400
Iteration

This is similarto x ¢ § A E ON § K@fhichiefines on occupancies.ok_to_continueis eval-
uated at the start of each iteration. If it evaluates to zero, thewal _on_continueof its independ-
ent parameters are executed. The process is repeated until alk_to_continue(s) evaluates to
non-zero. Note, more than oneok to_continue can be defined.

158..E0II N! Wa R PRAIRAL lqIRYAd qgRUNWRUWaq6 WY H:
tdesiru

RunningE § x ;NBf wikh solve_using_real_data_and_penalties0, achieves a minimum en-

ergy configuration that matches the Rietveld refined structureonly penaltiesare refined; lat-

tice parameters are not included. Even though AIVQs partly ionic, the maximum atomic dis-

placement at the energy minimum compared to the Rietveld refined positions is relatively

small at ~0.22A with an average movement of ~0.1A. In other words, the energy minimization
BGH e NVHE2UT] wllagd W aql 2 Hae |l lAdibmimddélllc WHI 2T JWe qY i RA L

Including lattice parameters as refinable parameters results in norsensical atomic coordi-
nates which means that the atomic interaction model is inadequate in a physical sense.

159..2 3q I a RURUNWI WGeadt RYUWGe! ¢aldgqldl + WnY

A EfN 1Of performs threetypes ofoperations/refinements as seen by the selexplanatory con-
trol statements at the top of the file of:
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#prm determine_repulsion_parameters = 0;
#prm test_rep_prms = 0;
#prm bond_length_differences = 0;

Setting determine_repulsion_parameters=1 fixes the atomic coordinates to Rietveld refined
values and thenminimizes dU;/dfi=0 for AIVQ by varyingthree s repulsion parameters ofsal,
svand so where:

Ui=ggj/R+ss/R

As seen inA E tOfithesum of the derivatives squared of dU/dfwhere fis a fractional atomic
coordinate) do not refine to zero. This is seen in the lines:

Grs_(*, *, 9, 0.465098047")
penalty = Get(grs_Ip_rep); : 2.6397897"

Also, seen inA EfN 1Of is tAat the R values (distance between two isolated atoms) seem too
large as in:

prm !ro_alo = ( (exp - 1) Abs(sal so gal qo) )N(1/(exp -1)); : 2.18729482
prm !ro_vo = ( (exp - 1) Abs(sv so qv qo) )N(1/(exp -1)); : 2.4673052
prm !ro_oo = ((exp - 1) Abs(so so go qo) )N1/(exp -1)); : 2.73559269

Performing another refinement with the three determined repulsion parametersal, svand so
fixed, and instead refining on the atomic coordinategtest_rep_prms=1)results in a structure
with average atomic movements of 0.14 from the Rietveld coordinates. The movement can
be seen in the following Al octahedron (lighter atoms are the Rietveld determined positions):

Settingtest_rep_prms=1 andoutput_U_vs_&1 executes the INP code of:
#f  And(output_U_vs_a, test_rep_prms);
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verbose 1
num_runs 100
iters 0
a = Ramp_Run_Number(6.54131 - 3, 6.54131+3, Get(num_runs));
out a.xy append
Out(Get(a))

Out_String(" ")
Out(Get(non_fit, r_wp))
Out_String(" \n")
telse
a 6.54131
#endif

This produces the XY file of:

U versus a lattice parameter
-250 1

-300

U (au)

-350
-400 1

-450

4 5 6 7 8
a lattice parameter (Angstroms)

Here we see that the observed lattice parameter of 6.54131A is far from the minimum; this
was evident from the nonzero value forGet(grs_Ip_rep as seen above. Note the use of
Get(non_fit, r_wp)instead of Get(r_wp) the former gets the global Rwp and the latter thedd
dependent Rwp. Use ofonly penalties does not update xdd dependent Rwp(s); hence the
need to Get theglobal r_wp

Lattice parameters were not refined in performing théest_rep _prms=1 operation; they could
have been with the inclusion of the line:

penalty = Get(grs_Ip_refine); : 0

The refinement in such a case would have produced very incorrect results as indicated by the
U versusa plot above. This demonstrates that a simple Coulomb sum and 1/R"9 repulsion
term does not fully describe AlV@and that another model is needed.

15.10. WURVURHWG YT WG WnY!l W Gésn

Instead of using the Coulomb sum, a 1/R"4 term was used for atoms of opposite charge{@l
and \-O) and a 1/R"9 for like charges, or,

Uj= A/ R+ B/R°
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This U choice was a guess and there may well be more physically meaningful models available.
The following however does highlight the ability to quickly model such cases. THeE& Of A
test example uses this potential and it has three operational/refinement modes:

#prm repulsion_refine = 0; a K=L LG S-zd FGF
#prm bond_length_differences = 0; 8 K=L LG S-ZBd FGF
#prm test_repulsion_prms = repulsion_refine == 0;

Refining withrepulsion_refine=1 results in a low value fogrs_Ip_repand forgrs_interactionsa

penalty = Get(grs_Ip_rep); : 0.000423118927"
Grs_(Al*, O*, ea, - a_alo, 0.000824217622")
Grs_(V*, O* ea, -a_vo, 0.00103650359")
Grs_(O*, O* ea, a_oo, 0.000721564661")
Grs_(Al*, Al*, ea, a_alal, 0.000102652961")
Grs_(Al*, V* ea, a_alv, 0.000417591887")
Grs_(V*, V* ea, a_vv, 0.000314938926")
Grs_(Al*, O* er, b_alo, 0.000824217622)
Grs_(V*, O* er, b_vo, 0.00103650359)
Grs_(O*, O% er, b_oo, 0.000721564661)
Grs_(Al*, Al*, er, b_alal, 0.000102652961)
Grs_(Al*, V* er, b_alv, 0.000417591887)
Grs_(V*, V* er, b_vv, 0.000314938926)

These are low values compared to those obtained fok EgN tOf andhit indicates near zero val-
ues for(dgrs_interaction/df ;) 2wherefiis a fractional atomic coordinate or lattice parameter.
The difference in lattice parameters between the observed values from Rietveld refinement
and the energy minimization oA E& Of is: A

3a ¢ S} VXVVIZZ] S V[ ZZXX40.501525
zal =-S}\ UUUbE = 35} VUXVYa = 30.77862

The maximum bond length difference is 0.1 with an average difference of 0.04.
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16.~8x E9Ox AW?0o ~f 9E Wb~ ? b

molecular_dynamics Examples
md_time_stepltl E IUWITUHII N ¢ 2 G qWI W NEENxX EA f~Ajx EES N
md_timeltl E ~ N Of A
md_scalelt] E (default = 1) ~ £ IOf A
Al ¢calqlll Weaqal RAz2 qllt a ~20010f A
~md_Ktl E (default = 1) ~?d110f A
_masdtl E (default = 1) ] A@tof A

_md_forceltl E  (default = 0)

,r

16.1..~YadUHzGc¢!l W ! U¢c ORHEY WRUWe WNIUOWI ¢ awWwac d

Defining molecular_dynamics (MD)places the program in anon-refinement mode where pa-
rameters of any type can be updated in a time dependent manner. The Verlet (1967) algorithm
is used for updating parameters. In the present implementation, parameters that are not typi-
cally associated with molecular dynamics canbe updated in a MD manner. This is accom-
plished with the use of the parameter attributes of md_kand _md_mass

Molecular dynamics is basically the steepest decent method of refinement but with new pa-
rameters values accepted regardless of the change in the objective function (Rwp in the case
of TOPAS), or, relating this to the Newtonian equations of motion for itéi@n k and parameter

p, we have:

Force(k) = m a(k) = dRwpful
Velocity(k+1) = Velocity(k) + (dRwp(K)id/ m
In the Verlet algorithm, velocity is not considered explicitly and instead p is updated as follows:
p(k+1) = 2p(k) T p(k-1) + a(k)
= 2p(k) T p(k-1) + (1/m) (dRwp(Kk)/g) t2

wheret is the time step of the molecular dynamics. The mass is set using_mass. To intro-
duce flexibility, the present implementation allows modifications ofp(k+1) as follows:

p(k+1) =(p(k)Tp(k-1) + (md_k/ mass) (dRwp(k)/d)t?) md_scale + p(k)

This equates to the Verlet algorithm with the default value of 1 formd _k mass and
~md_scale md_scaleis a means of increasing or decreasing atomic movements (increasing
or decreasing temperature).

162..~YaWrezac!l W UcaRAL WnYI WeqVat

In the absence of the_ massattribute, mass is determined from the masses found in thé E § p
N § A E E #@Nfér Site occupancies, as defined by theocc keyword, and weighted by theocc
values. In the absence of the md_kattribute, md_k is determined forx, y and z coordinate
parameters as follows:
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md_k forx = ax
md_k fory = by
md_k forz=rcz
where ax =1
bx = Cos(Get(ga) Deg)
by = Sin(Get(ga) Deg)
cx = Cos(Get(be) Deg)
cy = (Cos(Get(al) Deg)cx bx) / by
cz = Sqrt(1.0- cx"2 - cy"2)

The following two sites are therefore equivalent:

site Al
X @# _mass =26.981; ~md_k =ax;
y @# _mass =26.981; _md_k =hy;
Z @#_mass =26.981; ~md_k =cz;
occ Al+3 1
a 9Fc<
site Al x @#y @# z @# occ Al+31

The use of md_kcorrects the forces in case of nororthogonal lattice parameters. grs_inter-
action can be used to calculate the forces for molecular dynamics; this is demonstrated in

~ 2N 1Of. Thé& display of the Rwp plot in the Fit dialog can take a lot of processing for long MD
runs; not displaying the plot can speed up the simulation; and imilarly for the OpenGL 3D
graphics.

~ 27N HOf opéXates in the R1 space group; this can be changed to P1 by outputting the frac-
tional coordinates in P1 as follows:

pl_fractional_to_file aac.txt
in_str_format
in_cart 0
na 2 nb 2 nc 2

Here, a 2x2x2 unit cell is outputted in P1 to the 9 tOfleél N 2= HOf degeribes such a unit
cell comprising 288 atoms. One of the AL1 atoms is offset, and running the MD simulation re-
sults in the atom returning to its lowest energy configuration position. This return to the opti-
mal position is due to the small offset of 2.2 A. The following shows the starting configuration:
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E‘_/) e _b N t 1 E ‘ & ‘go Q / n Z::sgs;:‘rglkey\o prevent docking when

z_matrix Hil:@
z_matrix gAll: Hil:0 2.9212

5611 DWW YadYs WeqYhWRY WagdWW GNWecqYakt WYnnt Jaq
of the All atom. It is informative to watch the yellow atom migrate to the dark grey atom. The
INP text that produces the coloured All sites is:

track_buffer 100
site gAll x 0.37342 vy 0.34930 z 0.20369 occ Al+3 1  ‘'original posn
site Hil x @0.2 y @0.2 z @01 occ A3 1 track =Mod(Cycle_lter, 20) == 0;

The colours for the All and Hilsites is seen intheN § ~ x 9 § x § A& KR fil§ can be ed-
ited for the purpose of changing atom colours. The original atom gAll does not take part in the
only_penalties MD simulation as it is absent from thegrs_interactions. The path of the All
atom looks like:
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Rigid-body Editor
3 = » Press Ctrl key to prevent docking when
Options Loaded 9 R ’t a o% QOO Q / ﬂ @ @ = dragging
Edit Mod ShowFade Comment
59 v 4 4P Structure

4 » Structure
4 » Structure
4 ¥ Structure
4 ) Structure

8
79

60 4 » Structure
61 v 4 » Structure
62 v 4 » Structure
63 v 4 ) Structure
64 v 4 ) Structure
65 v 4 » Structure
66 v 4 ¥ Structure
67 ~ 4 ¥ Structure
68 v 4 ¥ Structure
69 v 4 » Structure
70 v 4 ¥ Structure
71 v 4 ) Structure
72 v 4 ) Structure
73 v 4 P Structure
74 v 4 » Structure

W

v

v

v

v 4 ) Structure
80 v 4 ) Structure
81 v 4 ) Structure
82 v 4 P Structure
83 v 4 ¥ Structure

L= I L N N N N N N N N N N N N N N N N N N N N NN

4 ¥ Structure

©
r

Note the last display has been disabled (item 84); it comprises all 288 atoms in the cell. In-
cluding line 84 produces:

Rigid-body Editor

Options | Loaded @ “) X 'ﬁ @ O% ooo Q / A g‘_‘az:sgsgcht; key to prevemdockingwhen.

Edit Mod ShowFade Comment

59 v 4 4P Structure
60 v 4 4P Structure
61 v 4 4P Structure
62 v 4 4P Structure
63 v 4 4P Structure
64 v 4 4P Structure
65 v 4 4P Structure
66 ~ 4 4P Structure
67 v 4 4P Structure
68 v 4 4P Structure
69 v 4 4P Structure
70 v 4 4P Structure
71 v 4 4P Structure
72 v 4 4P Structure
73 v 4 4P Structure
74 v 4 4P Structure
75 v 4 4P Structure
76 v 4 4P Structure
7 v 4 4P Structure
78 v 4 4P Structure
79 v 4 4P Structure
80 v 4 4P Structure
81 v 4 4P Structure
82 v 4 4P Structure
83 v 4 4P Structure
84 v 0 4P Structure
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~ 200 tOf modes the All atom 4 A from the original position and in a random direction; the
pertinent INP text is:

temperature 1
md_scale =If(Cycle_lter <2, 0.1, 1);
site Hil x @ 0.37342 y @ 0.34930 z @0.20369 occ Al+31 rand xyz 4

Clicking on the Break icon; ie.

&?

bt

i)

Py

executesrand_xyz Often the energy of the system (which is kept constant) is too great and the
MD goes chaotic. This behaviour can be damped usingd_scale as seen above. Also, repul-
sion terms such as 1/R can be very large when R is small; such small bond distances are un-
realistic and modifying U to avoid large values is beneficial. In the present work the equation
used for thegrs_interaction, rewritten in terms of ayobs_eqn is given in] A @/ 1Of, orA

macro &n{9}

macro &q{ -1}

macro &ro{2} a  axis value at the minimum
macro &rsm{1}

yobs_egn aac.xy =

If (X <rsm,
(Abs(q)/n) (ro*(n -1)((C -nrsm?( -2 - n)/2) X*2 + rsm”( - n) + n/(2 rsm”n)),
(Abs(q)/n) (ro*(n -1))/ X +q/X

);
min 0.1 max 7 del 0.01

Note, the rsm value of 1. For R <rsm, U is modified such that large values are not encountered.
The following shows two views of the samgobs_eqnplot:

UvsR UvsR
150 A -0.15 A
-0.2 A
Eloo E_Obzg,
= 50 ~ 035
-0.4
1 2 3 4 5 2 3 4 5 6
R (Angstroms) R (Angstroms)

16.3... GGO! RUNWec WnYI #UIWYUWE qVYat

The md_forceattribute can be used to apply a force to atoms. The MD simulation in such a
case maintains energy conservation by adjusting the kinetic energy of the system. For the case
of AIVQ and for the crude potential used; it is interesting that for a force along thee-axis on an
Al+3 atom, the structural integrity is maintained as seen below (see 2d110f): A
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Press Ctrl key to prevent docking when
dragging

The structure, however, loses its integrity for a similar force along theaxis.

148 Molecular dynamics (MD)



Amazon EC2 cloud computir 149

17. ~ U8 WE9ZW9x80?2W98~AONTf ]

TOPAS refinementgan be runon the Amazon Web Services (AWS) cloud platform utilizing the
GCAYUWEGCEt qRAWI YOG Gae q WO G VYel We DaAAel HBERESO LLIHY 0 G
an optional, EXPERIMENTAL FEATURE within TO&#AiSts use hasfollowing provisions:

1 TCCloud is not part of the official TOPA&\cademic V8 feature set. TGCloud is provided
to get early feedbackfor possible future products. Its use isfor internal testing purposes.

1 TCCloud is provided AS IS without warranty of any kind and without obligation to provide
any support such as installation support, usage support, error corrections, and/or any en-
hancements to the feature.

1 Using nonfree AWS resources do incur AWS fees. The user is responsible for all AWS
costs. Coelho software is not liable for any loss arising out of the use of FCloud; any
damages arising out of the use of T«loud is borne by the User.

1 The TGCloud feature can be cancelledat any time in future updatesor upgrades for any
reason, and without notice.

TCG-Cloud can berun on 100s of virtual computers onthe Amazon Web Services (AWS)oud
platform. The process is driven from the GUI version of TOPABOPASAcademic, where
launching an INP file on the clouds afew mouse-clicks away. Tte Cloudgives access to large
computing resources wherel1000s of virtual machines(VMs)can be utilized in a relatively in-
expensive manner. Large simulateeannealing problems taking weeks on a laptop can bdone

in minutes. The process typically involvesworking interactively with TOPAS in Launch mode
and performing initial preliminary refinements. Once theUser is satisfied, theCloud version of
the kernel, which we will callTG-Cloud, can be launched.Cloud operation is often performed

in an interactive manner due to the speed of analysis; many Cloud runs need only last for 10
to 20 minutes depending on the number of VMs used.

The User does not install TG-Cloud; instead, TGCloud is pre-installed on a Virtual Machine
image called an Amazon Machine Image (AMI). The AMI Taz-Cloud is called TGCAMI. TGAMI
can be used to create manyirtual machines each corresponding toa virtual Linux computer;
we will call these TGVMs. EachTG-VM can run multiple instances off C-Cloud. Tosummarize:

TA.EXE is the GWersion of TOPAS running on a local computer.
TC-Cloud is the cloud version ofTOPAS running on a VM.
TGAMI is an image of a VM with FCloud installed.

TGVM is a VM created from T@MI.

Many TGVMs (500 for example) can be created/deleted at once.

= =4 -4 4 -1

The user is given a choice o¥M typewhen launching TCAMI to create TEVMs.A large TGVM
can runmore than oneinstance of TC-Cloud.
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17.1..8 Gl ¢ qRYU

TC-Cloud operates in a similar but not identical manner tad\ 9 IOE Iingortantly INP files are
pre-processed before launching on theCloud; this ensures the use oflocal files such as
N§ A E Bdd otBer#include files. Since the localN § A E i©tisedthen local emission pro-
files are used.Data files referenced in the INP file must reside in the same local directory as
the INP file. This is normal practise and INP files should therefore not contain file paths. For
example,

1 this is valid on theCloud: xdd data.xy
1 this is not valid on theCloud: xdd data\data.xy

File names on Linux are case sensitive. It is therefore important to use the correct case when
referring to file names within INP files. The following keywords can be included in INP files but
have been disabled:

append_bond_lengths ' do_errors_include_penalties out_prm_vals_per_iteration
atom_out do_errors_include_restraints phase_out

A_matrix index phase_out_X
A_matrix_normalized  num_runs process_times
bootstrap_errors out system_after_save OUT
C_matrix out_file system_before_save OUT
C_matrix_normalized @ out_prm_vals_dependents_filter = verbose

do_errors out_prm_vals_filter view_structure

out_prm_vals_on_convergence | xdd_out
out_prm_vals_on_end

Many of these refer to data output and as such are better left to the local computer.

17.2..A1dddue Rt Raq 13t
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ademic Version 7; access to TEAMI can be obtained from Alan CoelhiiI}VMsare monitored

and terminated depending on User defined conditions. For example, VMs can be terminated

when the best goodness of fit parameter (GOF) from all T@Ms drop below aUser defined

value. This reduces running times for the T®Ms andconsequently running costs. The follow-
ing points are important:

Signing up with AWS does not incua fee.

Using nonfree AWS resources do incur AWS fees.

TheUser is responsible for all AWS costs.

AWS fees can be reduced by reducing the use of AWS services.
VMs created as spot instances are often 60 to 70% cheaper.

= 4 4 -4 -4 A

Services can be reduced by:
1 Turning off unused VMs.
1 Deleting unused VMs.
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The following approximate pricing information are dependent on AWS and could change. Run-
ning TOPAS on AWS requires the use of VMs. Each VM in turn uses an EBS volume (a storage
device). Use of both the VM and the EBS incur AWS fees, see:

For VMs:https://aws.amazon.com/ec2/pricing/on -demand/
For EBS volumeshttps://aws.amazon.com/ebs/pricing/

Limited usage of a single core VMn Amazon AWS are free of charge for a periodafe year.
Large VMs (ones with many cores) are not fredth charges dependent ontime usage. Pricing

is on a per second basidor Linux VMsthe twin core VMc5.large is recommended for routine
TC-Cloud usage; for the same core count, it isquivalent to an averagenigh endlaptop in com-
putational speed and is priced at approximately~0.034 cents USD (for spot instances) per
hour. One hundred of these running for one hour will cost approximately $3.40 USD. Large sav-
ing, often up to 70%, can be realized by requestingpot-instances, see https://aws.ama-
zon.com/ec2/spot/pricing/ . The author has had no trouble getting regular access to 500 spot
instances.

Each TVWM is aLinux VM it comes with an 8 Gbyte EBS volumevhich stores TGCloud and
the operating system. EBS volumes are relatively ixpensive at 0.125 USD per Ghyte per
month, or $1 USD per month for eachCG-VM. For one hundred VMs this small charge becomes
$100 USD per month. It is therefore recommetted that VMs are deleted after usé¢o reduce
costs. Creating and starting VMs takesne to two minutes.

Cloud storage is requiredin addition to VMs and associated EBS volumes. This storage is used
to transfer data from the local computer tothe VMs and visaversa. AWS S3loud storage is
used; it is inexpensive and runs at approximately $0.02 per Gbyte per month, see
https://aws.amazon.com/s3/pricing/ . File manipulation of S3 storage is provided online via
the AWS DashboardRunning TG-Cloud typically requires a fraction of a Gyte in S3 storage
and hencecommon storage costs are negligible.
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AWS includes a comprehensive browser dashboard called EC2 Dashboahdtps://ap -south-
east-2.console.aws.amazon.com/ec2/. In the case of running TE&loud, the dashboard is pri-
marily used to create TEVMs from TCAMI as well as deleting files created on the S3 cloud
storage. The rest of T&loud operations are performed from TA.EXE. The important parts of
EC2 Dashboard are citled in the following:
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‘:-EES! Services ~ Resource Groups ~ * L
EC2 Dashboard ~  Resources C* Account Attributes (
Event ! ) ) . . . )
vens You are using the following Amazon EC2 resources in the Asia Pacific (Sydney) region: Supported Platforms
Tags ) )
1 Running Instances 0 Elastic IPs VRC
Reports .
.m 0 Dedicated Hosts 3 Snapshots Default VPC
1 Volumes 0 Load Balancers vpec-de4110bb
1 Key Pairs 6 Security Groups Resource 1D length management
0 Placement Groups

Console experiments
Launch Templates

SpotRA t iti i
POt Hequests Learn more about the latest in AWS Compute from AWS re:Invent by viewing the EC2 Videos. = Additional Information

Reserved Instances
Dedicated Hosts

“ Getting Started Guide

Create Instance Documentation

Capacity Reservations All EC2 Resources

To start using Amazon EC2 you will want to launch a virtual server, known as an Amazon EC2 instance. ;
orums

Bundle Tasks Contact Us

YaqlWall i EWs AW #1 3O Wa ¢! Wwesec UNPUWI 2 JWagVYWRGGI Y2
ever should remain the same. Clicking on théccount (circled on thetop) brings up account
options which includes real time billing information (AWS Cloud costs). Also on the top, is the
AWS region being operategbn. AWS operates on a regional basis; regions chosen should be
in close geographical proximity to the local compugr. This reduces response times and data
transfer costs. TGVMs are created by clicking orAMIs. Once created, details of TGVMs for
the selected region can be viewed by clicking oinstances. AWS limits the number of VMs
available to 20 on most VM types; request for increasing this number can be made from the
HRI #O DT Whx RORat Kk WRaqUGOWNSWIWeeq6 VYl WéeT WUOYLWal Ye !
VMs.
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For communicating withthe TG-VMs; the local computer requires the installation of the AWS
Command Line Interface (CLI). The CLI can be trivially installed and downloaded from:

https://docs.aws.amazon.com/cli/latest/userguide/install -windows.html.
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After the preliminary setting up and testing of an INP file with TA.EXE on the local computer,
the INP file can be fed to AWS for parallel operation on many VMs. Summing up the process
we have:

1) Set up INP file and ensure it runs as expected on TA.EXE on the local computer.

2) Create a small number of VMs (3 for example) and ensure that the INP file runs as expected
on the VMs.

3) Create many more VMsUser determined) and run the INP file on the VMs.

Stage-1l is normal TOPAS operation. Stage involves creating ajob (*.CLD files) from the
hEWDqgea GW9 G Yel kK Bétpe Brdaing dljopdits) et © fcreate a template that can be
used for all jobs in the AWS region. Enter yowru 1J! HO® th&AWSRegidnkdeing used and
your S3bucket name details in theSetup Cloudtab; it should look something like:
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JE Parameters F2

v -1 Global
-] Cloud Computing
| Background

Setup Cloud | End conditions | Virtual Machines Rpt/Text

(3 Instrument Cloud setup file C\c\tS\tc-doud\australia-southeast-2.cld
£3 Corrections - Convolution Key pair file Ch\A\t5\aws\AacKeyPair.pem
-{_ Miscellaneous Region ap-southeast-2
{1l Display Common storage (S3 Bucket s3://aacbucket1
Job dependent items
Load CLD setup file Job Name
Save CLD setup file INP file for cloud
Save-As CLD setup file S3 data directory
Browse-Key pair file Copy data to S3 Yes
Browse-Select INP file Number TCs per VM 1

Browse-Add data files
Paste INP to Node/Selections

Max threads per TC 2

Monitoring time interval (s) 5

Data files for S3 common storage

Ec¢210Wad 1JWT ShupdRCLD seaup fikUUDg VAL Wn RO JOWx YeT Waqdé Rt WnRG |
files. To run a job then enter the rest of the setup details; an example is:

JE) Parameters F2

v _J Global Setup Cloud End conditions | Virtual Machines Rpt/Text
-1 Cloud Computing

-1 Background

£ Instrument Cloud setup file C\A\t5\cf-protein\2wfi-P212121\cld.cld

. £3 Corrections - Convolution Key pair file C\c\t5\aws\AacKeyPair.pem

-1 Miscellaneous Region ap-southeast-2

{1 Display Common storage (S3 Bucket s3://aacbucket1

Job dependent items
.Job Name 2wii-1

Load CLD setup file . S3 data directory 2wfi
Save CLD setup file . INP file for cloud C\AS\cf-protein\2wfi-P212121\Sclve.inp
Save-As CLD setup file . Sz cil Ui
Browse-Key pair file Number TCs per VM 1
Browse-Select INP file Max threads per TC 2
Browse-Add data files Monitoring time interval (s) 5

Paste INP to Node/Selections
Data files for S3 common storage

Data files
C\At5\cf-protein\2wfi-P21212 1\sf.cif

The highlighted lines require input of the INP file to be run on the Cloud as well as the necessary
data files. In the above the INP file is placed in the S3 job directory called 2vifiand the data
file is placed in the S3 directory called 2wfi. S3 wilherefore contain the following two direc-
tories:

s3://aacbucketl/swfi-1
s3://aacbucketl/swfi

The INP file as well as other communication files are copied to the job directory, 2wfiin this
case. The name of the INP file on S3 is changed o Off AOfs uged in the retrieval of

153 Amazon EC2 cloud computing



Amazon EC2 cloud computir 154

output from the VMs; it is unchanged during Cloud operation, and it can be also viewed as a

backup for the job. Each run on the Cloud requires a unique job name; an exception is thrown
otherwise. Many jobs, however, can use the same S3 data directory. lages where many jobs

cl W 20Wt e DUqReTO! AWNIE HE LLzopyRlaladXd B SLYLE aeRIVIIOWL Hee okl
set to No after the first job; this speedsup processing as copying large data files over the in-

ternet can be slow. CLD files contairinformation necessary for launching the INP file on the

cloud. Once the information is entered, it becomes possible to view the created VMs in the

héRI qac¢c Gtib; o6 RUIIE K

Parameters F2

v L Global tup Cloud End conditions Virtual Machines Rpt/Text
__J Cloud Computing . : )
(3 Background irtual Machine ID Job >Run 4 State Status. #TCs iters GOF Type Cores Thread/Core ™
[ Instrument 1 i-00a2a4e354c7fb0f1 2wii 1] running ok 1 3765 0.571 c5.large 1 2
| Corrections - Convolution 2 i-Oc4cd3b58af8d1cec 2wfi 1 running ok 1 3736 0.570 cS.large 1 2
1 Miscellaneous 3 i-07f>8afe786f7bb2d 2wi 2 running ok 1 3693 0.572 cS.large 1 2
{2 Display 4 i-069fcf32e97cc23e5 2wfi 3 running ok 1 3637 0.571 cSlarge 1 2
Refresh 5  i-0487edf8d8b3c5cbb 2wfi 4 running ok 1 3705 0.571 c5.large 1 2
Run TCs an selected VMs 6 i-04a5200fb5785d965  2wfi 5  rumning ok 1 3641 0572 cSlarge 1 2
Get best overall 7  i-06af8abce9326defs 2wfi 6 running ok 1 3594 0.572 c5.large 1 2
Get best for selected 8  i-05d21ea0316d5b059  2wfi 7 running ok 1 3813 0571 c5.large 1 2
End TC on selected VMs 9 i-0dab53efc41d88a87  2wfi 8 running ok 1 3740 0571 cSlarge 1 2
Monitoring is Off 10 i-0560d75fcf084b24d  2wfi 9 running ok 1 3754 0572 cSlarge 1 2
Turn On selected VMs 11 i-0a99c85580628a716  2wi 10 rumning ok 1 3820 0571 Slarge 1 2
Turn Off selected VMs ) . )
Terminate selected VMs 12 i-Dee67429faB8002e32 2wfi 11 running ok 1 3894 0.571 c5.large 1 2
Console for selected VMs 13 i-01fd74954178e54c4 2wii 12 running ok 1 3588 0.571 c5.large 1 2
Paste INP to Node/Selections 14 i-0b203661ca38d9738  2wfi 13 running ok 1 3637 0.571 c5.large 1 2
ic i NICCAENINTIA2TIC1ad Duacfi 14 i . il 2720 Ne74 ol | 2 he

Data can be displayed in sorted order by double clicking on the column heading$o launch

the INP file ona VM then select the VM and clickv A 2 U ION 9 tOY U 10t Td Selddt ajl Vs0¢é ~ + B
then click on the empty circled rectangle shownOnly VMs with arok Status can belaunched.

If a selected VM idstartingtor fpendingtihen Status will not be ok. The number of TCs running

on each VM(typically one)is shown in the# TCscolumn. This data as well as other VM details

maybe out-of-date; to show the latest then click on theRefreshoption. Theiters column shows

the total number of refinement iterations executed on the respective VM; this number supplies

a means of determining ifa VM is running in an expected manner. For example,itéers has

stopped increasing in an expected manner andTCsis not zero then the running TCs have

stopped operating in an expected manner.

Due to the speed of analysis, Cloud operation is often performed interactively. Running many
jobs to investigate a problem, each taking 10 to 20 minutes and comprising 500 VMs, is com-
mon. Each job creates a directory on S3 which can be deleted after useing the AWS S3 dash-
board; it looks like:
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aacbucket]

Q. Type a prefix and press Enter to search. Press ESC to clear.

Change encryption ~
Change metadata Viewing 1 to 3
[] Namew Add tags Size v Storage class v
B lary-1 Make public _

o wwr s

17.7..N1J1 8§ RU¢ q R U N gE~af YUECGHR VLibaarN 9
Terminating or stopping TEVMs reduces AWS fees. T®Ms can be automatically stopped or
terminated depending onb E U T tOH YiUA IRYgIRaY Ut

Parameters F2

h L-j Global Setup Cloud End conditions  Virtual Machines Rpt/Text
1 Cloud Computing . i
{3 Background Virtual Machine ID Job Status #TCs GOF Target LUENQINENGMN Del on End  Off on End
3 1 Instrument 1 i-080262aa1bc5f968b 5da6 ok 0 0 3600 0 0
> {1 Corrections - Convolution 2  1-08c8bbc21fdbb2bel 5dab ok 1 0 3600 0 0
1 Miscellaneous
L_] Display

Refresh
Upload to selected YMs
Paste INP to Node/Selections

These conditions are uploaded to the VMs when a job is launched. On launching a job, a small
monitoring program, calledtc-mon.a, is started on each VM. This monitoring program reads
the End conditions and monitors the running TCs. VMs are in turn terminated/stopped depend-
ing on the End conditions. From the local machine, the end conditions can also be uploaded
after a job hasstarted using thew O G Y ¢ T HOq Y HObptioh. T tsupkibri@ésno effect on
VMs with aStatus that is not ok. Thew A 1Jn logfién@igplays values as found on common
storage for the job indicated irw E lJ g2 Gt Ya I b

TCs running on VMs are terminated when the number d@ers, as defined in the INP filehas
been reached, or, when the CPU time allocated ~ ¢ # HOq) Ras Ba@éréaphed or when the
overall best GOFalls belowb] § [ FON WheRtlergtare no TCs running on a VM then the VM
is stopped ifw § n 'n HO¥1L) sOlEsenlebtly ifw 2 1J 0 O ¥ UtHeH thé B\ itself is terminated
(deleted). Parameters for a typtal job left unattended would be:

Max time (s) = 10 60 60 = 10 hrs of running
GOF Target =10, Off on_End =1, Del on_end=1

For interactive use, the user can manually terminate TCs and VMs; the termination parameters
could therefore look something like
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Max time (s) =0
GOF_Target =10, Off on_End =0, Deh_end =0

Aw ~ ¢ # HOq & GebkDie ddjatit) disables the ending of TCs on a time basis. ~ ¢ # KOq R 0 1J Oé }
on VMs can be entered as an equation by starting the equation with an equal sign. For example,
h P460% Mould be used to enter 24hrs.
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In addition to the terminating/stopping criteria of sectionl7.7, VMs are automatically powered
off (stopped but not terminated)after 100 minutes of TCCloud inactivity including inactivity
on VM startup. The net effect is that VMs are stopped after 100 minutes of 36ud not being
run. Situations where 100 minutes of inactivity is possible include internetiown situations as
well as Users forgetting to poweroff or terminate VMs. For example, the fee incurred for for-
getting to turn off 100 spot instance VMs would be ~3.40 USD.

179.. A0 q!l RI2RUNWq6 DWW AWY! W[ 9WnRGWWagE ¢ ql

Output from a job,correspondingto the best INP for Rietveld refinement, or the best structure

factors for chargeflipping, is stored on the S3 job directory. This storage to S3 from a job is
independent of the local computer. Thew ] 1J g FOH 1J t domgeidite ouipiit tsom S3to the

local directory where INP file originated. The name given to the output J®b-Name.INP for

Rietveld refinement orJob-Name.FC for chargen § RGGRUNOW[ YI W+ ¢ G GH1JAWn Y
Nk We U1 We UWRUGe g HNNRA 1J6LES MR@E Gathc LG E q 6 WY n LU

hf AW[ RGIJAEA Y MAUTHEE Y1adf k NI LW
w ] 1Jaq FOH 131 ptp¢@Y citidut ic Tiedi BNA 7 E g0 A

Once retrieved, the best INP file can be run on the local computgin other words,the best fit

from the Cloud can bevisually inspected with a fewmouse clicks. If the VMs areavailable and

not stopped or terminated, then output from the individual VMs can be retrieved using the | 1J q O
HI1Jt qton Y1 ¢ptionl duddtdsipladed in the local computer in an identical to that de-
scribed forw ] 1J g FOH 1J }. Typ@dlantdradtivie Gperation therefore comprise viewing and par-
tially running intermediate Cloud results and making decisions based on those results.

1710.~YURqY I RUPAWNRY WRUT WGUWUT WUq WY n Waé6 1L

The running of VMs can be monitored by the local computer using the~ Y URq Y| RURNIOR't 1O
option.1 6 JUWE UALWq S WALt qwy213l ¢daW] §[ WRb IOPWRE®Y BB 1JT L
at time intervals as definedirn ~ Y UR q Y | R U N ¢PupR af W FOR dy 2 G2\ hilstbbs

are running the local computer can be usedto run refinements independent of Cloud jobs

Cloud jobs can be started on a laptop, left running overnight and results viewed the next day.

1711 A¢ OT YawUez a HI WNWUOWIl ¢qVYl WeceqYhcaqRHED

The random number generator for both TCloud (and TC.EXE on the local computer) is
seeded such that the sequence of random numbers generated for any run is unique. Identical
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sequences can be generated by using theeed keyword with an integer (corresponding to a
seed number) placed after it.

17.12.9 x § 0?2 x x WWmT Wn RUOWWe U7 W] WaeiHdGYel x1 2 Ux

Thepre-G| Y H1Jt + Y| WHIKihel CHQR 2K IR nllidre q YO ¢ qRAC GG ! WRUKAG 21
files running on VMs.This allows blocks of INP scripto be conditionally included/excluded

from Cloud runs making it easy to run the same INP file in both the Cloud and on the local
computer. For example, the following is useful in the case of chargBipping:

charge_flipping
#ifdef ~ CLOUD__

randomize_initial_phases_by = Rand( - 180, 180);
#else

set_initial_phases_to job - name.fc
#endif

Here the state of the bestFCfile found on the VMs can be determined by first executing the
w] 1Jq O HIJt apidioYi 2al3d théndilgsally running the INP file Also, available is
Get(cloud_run_number) which returns the run number assigned to the corresponding VM with
counting starting at 0. Get(cloud_run_number) returnsl when running on the local computer.
Example usage in terms of stacking faults could be:

macro & pa { Get(cloud_run_number+1)/102 }

generate_stack_sequences {
number_of_sequences 200
number_of_stacks_per_sequence 200
Transition(1, Ipc)
to 1=pa; a add =2/3; b _add =1/3;
to 2=1 -pa; a_add =0; b_add =0;
Transition(2, Ipc)
to 1=1 -pa; a add =0; b _add =0;
to 2=pa; a add = -2/3; b add = -1/3;

17.13. ME W qe GO TG Ye T kW Jq¢ RGt

Cloud setup file

File namecontaining cloud details for a job.

Key pair file

File namecontaining encrypted login information, see:
https://docs.aws.amazon.com/AWSEC?2/latest/UserGuide/ec2-key-pairs.html

This file needs to beread/write protected so that onlyone user can access; use Windows
Explorer and RighiClick on the file to change its properties.

Region
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Geographical region where VMs reside.

S3Bucket

The name of the bucket for transferring data to and from the T€Ms. Buckets are created
and manipulated at https://s3.console.aws.amazon.com/s3/. By default,S3 buckets are
private to theUser. Once a bucket is createddirectories within the bucket corresponding
to the job name are automatically created on launching the TUMs. For example, for a job
named job-1 and a bucket calledmy-bucket then the following directory onS3 is created:

s3://my-bucket/job-1

my-bucket are usedfor many jobs.Information stored on common storage are not deleted
by TA.EXE running on the local computer; the User is therefore responsible for cleaning up
unwanted files using the AWS S3 dashoard.

Job Name

Name of job. Job names cannot contain spaces.

S3 data directory

Directory where data files are stored. More than one job can use an S3 data directory.

INP file for cloud

Input file to run on theCloud. The INP file can make use of the predefined pigrocessor
directive called CLOUD__. It can also make use of Get(cloud_run_number).

Number TCs per VM

Typically set to 1.The number of T&Cloud instances to run on each T&/M. The number of
TCs per VM should not exceed the number of Cores as seentire Cores column of the
Virtual Machinestab. For example, the VM type o€5.18xlargehas 36 Cores each with 2
threads (intel hyper threading) The number of TCs therefore should not exceed 36. Infor-
mation on EC2 instance types can be found at https://docs.aws.ama-
zon.com/AWSEC2/latest/UserGuide/instanceoptimize-cpu.html .

Max threads per TC

Typically set to 2 forcs.large VMs. The maximum number threads each TC can use. If zero,
then each VM will be allowed to use the maximum number or threads. For VMs with more
than one TC running then the maximum number threads should be set to:

Max_threads_per_ TC = (Virtual Cores) / Number_TCs_per VM

Monitoring time interval (s)

Thetime interval used whenw ~ Y URq YI.RUNIORt 10§ Ub

158 Amazon EC2 cloud computing


https://s3.console.aws.amazon.com/s3/
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/instance-optimize-cpu.html
https://docs.aws.amazon.com/AWSEC2/latest/UserGuide/instance-optimize-cpu.html

Amazon EC2 cloud computir 159
17.14. mé Rl qqa ¢ G W~¢ A6 RUWY Kk Waec HWYGqRY Ut
Refresh
Refreshes VMs details corresponding to the region defined inthe E lJ g2 Gtaii i Ya I b
Run TC on selected VMs
Launches TGCloud on selected VMs.

Get best overall

Gets and processesthe best output from common storage for the job defined inSetup

cloud and places the result inthe directory where the original INP file came from. For

Rietveld refinement the retrieved output is placed in a file calleppb-name.INP.For charge

clipping, the retrieved output (structure factors) is placed in a file callegbb-name.FC. Files

GucHUI WRUWHAYGAYUW qVYI ¢NUIWGUYI + Rt gt wWe U7 Wel 1JWaé L
deleted.

Get best for selected

Getsand processesthe bestoutput from a selected VMand placesthe result in the direc-

tory of the original INP file. The selected VM must beOn. For Rietveld refinement the re-
trieved output is placed in a file calledjob-name.INP. For chargeclipping, the retrieved

output (structure factors) is placed in a file calledob-name.FC.

End TC on selected VMs

Stops any TCClouds running on selected VMsOn termination of the TCs, the ViElare
turned off if their corresponding Off_on_End=1; in turn ViElare terminated if their corre-
sponding Del_on_End=1.

Monitoring is On/Off

Starts/Stops monitoring. When monitoring is On, the best GOF as found by the -M&s for
the job defined inw E 1J q 2 G iOtidpldyedinithe Fit Dialog

Turn On selected VMs

Turns selected VMs On.

Turn Off selected VMs

Turns selected VMs Off.

Console for selected VMs

Login to the selected VMs creatingterminal windows for each.Can be useful for trouble
shooting.
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TGVMs are created from the EC2 dashboard. To create 200 VMs, for example, click on the
AMlsoption and then click on theTGAMEn AMI.n corresponds to the latest TCAMI version.
Then click onLaunch to bring upw 9 6 Y Yt 1310¢ U tOf ddreen.cCbdadéd i\abpebiribte
VM type; for refinements that require less than 4Gbytes of memory then choos#.large. The
amount of memory required for each TC can be determined by first running the INP file on the
local machine and viewing the Windows Task Manager. Onckd VM type is chosen, proceed
tothe nextscreenw 9 YUn RNz | JIOf Ut q¢ URIDIO? Jgqcec ROt b

Step 3: Configure Instance Details
Configure the instance to suit your requirements. n launch multiple instances from the same AMI, request Spot instances to take advantage of the Ig
|20

Number of instances (j } Launch into Auto Sealing Group (j

‘ You may want to consider launching these instances into an Auto Scaling Group to help you maintai

Purchasing option (i est Spot instances

Current price  (j Availability Zone Current price
ap-southeast-2a | $0.0345
ap-southeast-2c | $0.0349

Maximum price (j $|e.:_1. 0.045 = 4.5 cents/hour (Optional)
Persistent request (i [Persistent request
Launch group (j \chptu:naI‘,w
Request valid from (j Any time Edit
Requestvalidto (j Any time Edit
Network (i | vpc-dc4110bb (default) ~] C Create new VPC
Subnet [ ‘ No preference (default subnet in any Availability Zon v| Create new subnet
Auto-assign PublicIP  (j ‘ Use subnet setting (Enable) v|
Placement group (i [JAdd instance to placement group
Capacity Reservation (j [open ~] C Create new Capacity Reservation

IAMrole (i [ecsInstanceRole ) ~] C Ccreate new IAM role
I

Setw 2 0 HII Y ndORWIE MM WD} B#Otbdglidddds 18 LR g .cSeletty AYIduad Bt q tO
E GY q IOR U.iSpptingtandds &re often 60 to 70% cheaper; the user is informed when spot
instances are unavailable; the author has had no difficulty obtaining 500 spot instances on a

regular basis. Proceed to thaConfigure Security Grou 1 1313 U k LU ¢SOurcHtb wi-a)!LLi@f6 AJHl
ie.

160 Amazon EC2 cloud computing



Amazon EC2 cloud computir 161

aW§ Services v Resource Groups ~ * .O. AacAccountName ~ Sydney v  Support ¥

1. Choose AMI 2. Choose Instance Type 3. Configure Instance 4. Add Storage 5. Add Tags 6. Configure Security Group 7. Review

Step 6: Configure Security Group

A security group is a set of firewall rules that control the traffic for your instance. On this page, you can add rules to allow specific traffic to reach your 2
instance. For example, if you want to set up a web server and allow Internet traffic to reach your instance, add rules that allow unrestricted access to the

HTTP and HTTPS ports. You can create a new security group or select from an existing one below. Learn more about Amazon EC2 security groups.

Assign a security group: @®Create a new security group

(Oselect an existing security group

Security group name: \Iaunch—wizard— 12 ‘

Description: launch-wizard-12 created 2019-02-16T14:18:19.478+10:00 \

Type (i Protocol (i Port Range (i Source (i Description (i

SSH ~ TCP 22 My IP ~| 58.165.228.1/32 ‘— g. SSH for Admin Desktop
Custom
Add Rule Anywhere v

< T >
Cancel  Previous Review and Launch

Clickonw A 132 R1J5 IO¢ WiLanxck theltraatidn of the TEVMs. Creation should take one
to two minutes. Use the TARefreshoption ofw é R a2 ¢ (i tOsee teé sRatslof iMs; VMs
with a Status of ok are ready to run. Once all the VMs are created, the A2 UION 9+ tOY UtOt I
€ ~ tofiion from the Virtual Machinestab can be used to launch the job on the selected VMs.
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The most appropriate VM for TOPAS type problems arb.large where memory usage is less
than 4 Gbytes. However, a problem that uses 20 Gbytes of memory would need a larger VM;
such problems could be a large charge flipping refinement, a large Rietveld refinement or a
simulated annealing refinement with 1000s of paameters. Memory usage prior to launching
on the Cloud can be determined using the local computer. The VM type chosen should there-
fore be one than has more memory than the maximum memory usage seen the local com-
puter. Only c* types (compute types) VMs should be chosen (seéttps://aws.ama-
zon.com/ec2/pricing/on-demand/). For a problem that uses 20 Gbytes of memory, the
c5.4xlargeis the smallest VM that will do the job. Max Number of threads should be set to zero
allowing the maximum number of threads to be used which in this case is probably 16.

Note, TOPAS is threaded to a large extent, however, an excessive number of threads could
slow down execution. For example, the large VM type 05.18xlargeoperating ontheN E EN x E f p

~AEEf /A0 EM x § g x?3A E KiB9708parameters) produces the following as a
function of number of threads:

161 Amazon EC2 cloud computing


https://aws.amazon.com/ec2/pricing/on-demand/
https://aws.amazon.com/ec2/pricing/on-demand/

Amazon EC2 cloud computir 162

# of approximate_A- 15 iterations Full A matrix- one iteration
Threads Time(s) Gain Time(s) Gain
2 42.19 0.32
4 22.28 0.60 186.98 0.36
8 8.41 1.59 61.93 1.09
16 4.11 3.25 31.65 2.12
32 2.77 4.82 17.92 3.75
48 2.89 4.62 15.18 4.43
64 2.95 4.53 13.71 491
70 3.06 4.37 13.73 4.90

The columns marked Gain are the times taken on a higgnd laptop with 8 threads divided by
the time taken onc5.18xlarge The speedup due to numberof-threads is substantial up to
about 32 threads. It is worth noting that TOPAS V7 for tlagproximate Acase is 1.9 times
faster than V6.

17.17.0U0¢ AO W Wq Y WHB OO e o we ¥ WA S He 0 WHY 0 Ge qlJ|

The IP address of the local computer may change when the local computer is powered off and
restarted, or, when the connection to the internet changes. VMs created prior to the restart

would therefore have an invalid localcomputer-IP-address; communication with the VMs

would therefore not be possible. This scenario is noticed when thRefreshorw A 2 UON 9 t tOY U IOt
lected VMskoptions of thew € R | q 2 ¢ (i tab-ig ngtGeRddndivebin such a case it is neces-

sary to instruct the VMs that the IP address has changde This can be performed from thédn-

stances of the EC2 Dashboard from this screen click on the security group shown in the E 1J 1

Hel Raq! HKJlumiy. Fr@tbrimgs up details of the security group. Click ombound and then

Editand then change the Source tavly IR, or,

Edit inbound rules X
Type (i Protocol (i Port Range (i Source (i Description (i
SSH ~| Tep 22 [Custom [-]|58.165.228.1/32 | [eg.SSHforAdminDesktop | €
Custom
Add Rule Anywhere

on that rule to be dropped for a very brief period of time until the new rule can be created.
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18.AASNEf WAE[f E~E N

18.1..A1Ne¢T RUNWAI YqURUW?c¢cqe W7 ¢ Ut WulA?2 756 W9 T |

[pdb_cif to_str_file$file] ... Examples
[pdb_ignade_adps!EO] 9MASNEAGV=N=ZINEN lOf |,
[pdb_cif_sites $sites] 9 [AAsgNE VY= NZMN= N IQf
[pdb_cif to_str#0] 9PMMASNEfO WINTMNE[ f Ep
~E ¥ A

Protein Data Bank (PDB) PDBx/mmCIF fles frohitps://www.rcsb.org/ can be downloaded
and converted to INP text usingpdb_cif to_str file The operation is performed when
pdb_cif to_stris 1; on termination of refinementpdb_cif to_stris set to 0 in the OUT fileThe
INP text generated is placed in the INP file after thedb_cif to_strkeyword, or:

pdb_cif _to_str_file cif.cif
pdb_ignode_adps 1
pdb_cif_to_str 0
xdd_scr  sf.cif
lamlo  0.9096
str
scale @1
a 51.03
b 49.81
c 3457
space_group P212121

site  ACE_C_0_1 HETATM x 0.07354 y 0.35529 =z 0.47637 occ C 1.00 beq 6.24
site  ACE_O_0_2 HETATM x 0.06210 y 0.34246 z 0.50194 occ O 1.00 beq 7.96
site ACE_CH3_0_3_HETATM x 0.06198 vy 0.35666 z 0.43651 occ C 1.00 beq 8.20
site SER_N_1 4 ATOM x 0.09557 y 0.36858 z 0.48319 occ N 1.00 beq 6.66
siie. SER_CA 1 5 ATOM x 0.10676 y 0.36880 z 0.52155 occ C 0.46 beq 8.09
rigid

point_for_site SER_N_1 4 ATOM ux -1.40900 wuy 0.28011 wuz -1.21189

point_for_site SER_CA_1 5 ATOM ux -0.83800 uy 0.29111 wuz 0.11411

point_for_site SER_CA 1 6 ATOM ux -0.70700 uy 0.20011 uz 0.04411

Rotate_about_axies(@ ORX_, @ ORY_, @ 0RZ))
translate tx @ 6.28600 ty @ 18.07889 tz @ 17.91589

A rigid body is generated for each residue with coordinates set relative to its geometric center.
Refinement can proceed on the generated INP text by setting the file name»afd_scrto the
name of the structure factor file= A = [910, plso downloaded from https://www.rcsb.org/ .
Running= A é17E  tOproddces] E 0g§setling] E 0fo] B  tO&ddMunning produces

a fit.

pdb_cif sitesconsiders sites with names matching the site identifying string $sites. This can
be used, for example, to extract all residues of the same type. Thenslate keywords of the
rigid bodies can then be set to zero and the individual sites of the residues penalized such that
sites of the same name are brought together; example INP text to do this is as follows:

macro Match(s)
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atomic_interaction s = R"2;
ai_sites_1 s*
ai_sites_2 s*
ai_closest_N 1
ai_only _eq 0
penalty =s;
}
Match(LYS_N_)
Match(LYS_CA )
Match(LYS_C )
Match(LYS_O )
Match(LYS_CB_)
Match(LYS_CG_)

Running example= A é~7 N 9af préduces the following showing overlay of LYS residues:

Phase

18.2.. A1 YqURUWA N RU @& HilE RV IDGILEq B EL 1J

The structure factors and PDBx/mmCIF files for 6y84 can be downloaded from the PDB. To
generate an initial INP file then create an INP file with the following (séed0 WIN IMNE[ f Ep
~E NHf A
pdb_cif to_str_file cif.cif
pdb_ignode_adps 1

pdb_cif to_str 0

After refinement, the INP file can be updated with the structure generated from the CIF file.
Refining on the updated INP file gives:
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File View Fit launch Tools Window Help ) B B W % - & x
D BB Oa ANV BT o T B0 By R e e

~ [ i A Allrange dependent [Rwps. [Path | [Display/ [GUI Text! [Rpt/Text > M8 | By | s vi
3 Emission Prof . B L2l
e A Use Value Code Error Min M~ 8 Time 27.60 Rwp 35.186 -0.063 MC 0.11 1 x
- Sackgroury Background 9 Time 30.44 Rwp 35.142  -0.044 MC 0.05 1
- Instrument 10 Time 33.27 Rwp 35.114 -0.028 MC 0.02 1
[ Corrections Shebychay b : - 33.275 seconds ---
; Order 1 4 File C:\c\t5\cf-protein\6ysa-c121\Refinement.out updated
N ith parameters from last iteration
: Wi t N
(23 Structures/hk! 1/X Bkg 1000 Refine 0 3
6 Structure Goniometer radii )
P I 175 = T R
< > I PACS I, 2 i H 407 B Launch Mode: CA\c\t5\cf-protein\6y84-c121\Refinement.inp
renys Secondary radius (mm) 2175 i |
Sictuee "~ Equatorial Convolutions P ESH

Add Peaks Phase z ; =
Add hul Phaca Point detector
<

>
5,000,000
Structure 100.00 %

4,000,000

3,000,000

2,000,000

1,000,000

0

1,000,000

-2,000,000

-3,000,000

-4,000,000

30

x = 38.05847 y = -4242862 d = 1.399476

The refinement comprise 50348 unique reflections and 1826 parameters and the time to con-

vergences is 33s on a laptop with all graphics operational. Restrains/constrains can of course
be added.
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19.E§xéf ] WAASNEf EW NW Ng§~f 9 WA

Include_Charge_Flipping Macrosin9c A] Ex[ xf AA
charge_flipping Examples
[cf_plot_histo !E] 9MASNETf
[cf_plot_fit |E] N TPON § x OE A
[add_to_phases_of non_weak_reflectionslE] ZEAMXIES X OE A
| N7 QNINE § X OE A
[scale_flipped 'E] Zu PRNEMN § x OE A
[cf_percent_ED_ge_H/] N cpl8=N=Zm3NEéE Of
[pick_ atoms3 ¢ qYUuésB MNx AGE § x OE A
[choose_from!E] N~OpENFNS x é EIOf A
[choose_to!E] N? PP=rN§ x é EtOf A
[choose_randomly!E] =) PXSNZES M6 E tof

[with_symmetry!E]
[omit E]
[insert 'E]
[pick_fwhm !E1]
[omit_fwhm !E1]
[insert_fwhm!E1]
[insert_atoms{
[activate 1E1]
[in_cartesian]
[insert_atome LB
[X'E] Iy 'E] [z 'E] [occ E]

Nc c PAO=Z #N8 x € EIOf A
N9 PP=NZ=ZmHEZINXé E IOf

N7 O= NZmHE X é E Of

N9 pRsOrk § x ¢ EtOf A

CSAQN=NZHEINEET A
N9 upD= NZmH 3 X é E IOf

NEIpSO=EBx & EIOf A
P? pXOE§x é EIOf A

N9 pRsOordp N§ ~tOf A

ZAQV=N=MNE NE§ ~ tOf

N9 PP= N=NE N§ ~ tOf

P? pkomp N§~tOf A

N9 upd= N == N § ~ tOf

Zi [P =N=ZINENE ~ 1Of
Mx ANEp N § +OE A

1B
[cf _set phases!E {
#h #k #| #Re #im

1]

[prm N #val_on_continue!E] B

The largest proteins ever solve@b initio at atomic resolution can be solved using modified
charging flipping strategies, see Coelho (2021) for details. Difficult or large structures can be
solved in minutes, rather than days using Amazon AWS Cloud computing. New/modified
charge_flippingkeywords are shown above. A single strategy does not solve all structures; A
strategy successful on one structure is not necessarily successful on another. However, it will
be shown that only two strategies can solve a lge range of the most difficult structures. New
keywords allow for a variety of strategiesscale flipped scales flipped electron density (ED)
charge; it is applied each chargeflipping iteration. insert_atom inserts atoms in the ED when
activate is non-zero.val_on_continuefor prm(s) are evaluated at the end of each charg#ip-
ping iteration. cf_percent ED_ge_ Heturns the percentage of ED pixels greater than 1 where
the maximum of the ED is set to number of electrons in the heaviest atom defined by
f_atom_type. Values less than 1 often signal a Uranium atom situation where a single ED peak
dominates. cf percent ED ge His displayed during charge flipping in the Fit Dialog.
cf_plot_histo plots a frequency distribution of the electron density pixel intensity.
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Whencf_set phasesis non-zero, the phases for the family of reflections (#h, #k, #I) are set to
the phase corresponding to #Re and #Intf_set phasesis useful when phases ar&nown or
for setting origin defining phases; for triclinic structures, three origin defining phases are pos-
sible. Additionally, intensities of the reflections are scaled by the value evaluated by
cf_set phases

Table 19-1 show difficult benchmark structures, as listed byElseret al. (2017) andBurla et al.
(2011), that have been solvedab initio; see correspondingE § x é E filifs foAdetails. It is best

to do preliminary investigations on the local computer (norCloud) to determine which strat-
egy might work best. Once a strategy is chosen, INP files can be fed to the Cloud for rapid
structure solution. Up to 500 spot instance Virtual Machines (VMs) are eagibbtained on the
Amazon AWS system in Australia at a cost of ~0.035 USD cents per VM per hour, or, 3.40 USD
per hour for 100 machines. These prices are Amazon AWS dependent. Prices are shown prior
to the creation of the \Ms. The times shown irTable 19-1 can be easily doubled when one
considers the preliminary analysis taken to arrive at the appropriate strategy. Typically, strat-
egies are tried on the local computer before migrating the problem to the Cloud. Also, the
structure solution process is normallyhalted after the first solution is found; for the investiga-
tive purposes, however, the structures inTable 19-1 were each solved at least 5 timesThe
two strategies mentioned inTable 19-1 are:

a 1S KLJ9L=?7Q

fraction_reflections_weak 0.5 add_to_phases_of_weak_reflections 90
fraction_density_to_flip 0.9 scale_flipped 0.6

S0 seems to work well for large structures with a relatively heavy atom. Ndriclinic structures
with symmetry seems to succumb to the S1 strategy, or:

a 1T KLJ9L=7Q

fraction_reflections_weak 0.5 add_to_phases_of weak_reflections = Rand( - 180, 180);
fraction_density_to_flip 0.97 scale_flipped 0.2
pick_atoms  *

pick_fwhm 3

choose_randomly = If(Mod(Cycle_lter, 50), 0, 10);
with_symmetry 1

insert 10 a '"F;J=9K= A> L@= EGKL <GEAF9FL 9LGE <G=K F
symmetry_obey 0_to_1 0.25 find_origin 0
flip_regime_2 = Sine_Wave(10/4, -2,2,10); a 3K=< 0O@=F L@=J=«K FGL =FGM?@

S1T extends the S1 strategy with the addition of the tangent formula, or the inclusion of:

Tangent(0.5, 30)

Table 19-1. Ab initio structure solution strategiesH R & IJWURUT RH¢ q 3t WaR G
CNIUIOWEC HGS W ql 2 Aqgel 1JLWs cat Glibi &t 2710 Tyl ¢ dlldg @& 1 &) Loy L

qYIGWHO Yt queY! | Wt GYUT + WaqVYLWg6 WWe 211 ¢ NIIW G Ve

PDB Space dmin | Time | Num | Cost
Solved code group NZ (A (min) |VMs | USD @ Strategy Np
yes lavy P1 270 094 01 8 - SO -
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yes 2erl Cc2 303  1.00 1 200 | 0.10 S1 8
yes 1byz P1 408 | 0.90 1 200 | 0.10 SO -
yes 2knt P2, 460  1.20 16 200 | 2.00 S1T 7
yes laho P2:2:2, | 500 | 0.96 1 200 | 0.10 S1
No 1w7q P6s 828 1.10 >240 200 @ >28 S0,S1 4
yes 4zt Pl 1183  0.95 2 8 - S1 10
yes 1mc2 Cc2 1254 | 0.80 2 200 | 0.20 S1 10
yes 1dy5 P2, 1894 0.87 1 500 | 1.40 S1 30
yes 2wfi P2,2:2, | 1920 | 0.75 18 500 | 5.10 S1 15
yes lhhz P3:2; 354 | 0.99 7 200 | 1.00 S1 6
yes 1c75 P2:2,2; 1184 0.92 1 8 - SO -
yes 1b0y P2:2:2, | 837 | 0.93 1 8 - SO -
yes lctj R3:R 918 1.10 1 200 @ 0.10 S1 4
yes 2pvb P2:2:2, | 1096 0.91 3 200 | 0.35 S1 5
yes 1cku P2:2:2, | 1599 @ 1.20 1 200 | 0.15 S1 8
yes lswz P32, | 1254 1.06 50 200 | 5.80 S1 15
yes 5da6 R32 1390 1.05 5 500 | 1.40 S1 15
PDB code Reference
lavy,2erl, 1byz, 2knt, 1aho, 1w7q,4lzt, Imc2, 1dy5, 2wfi Elser& Lan (2017)
1hhz,1c75, 1b0y, 1ctj, 2pvb, 1cku, 1swz Burla et al. (2011)
5da6 Mooers (2016)

PDB codes 1b0Oyctj, 1c75 and 1cku are easily solved (a few minutes) on a laptop using the
SO0 strategy.2knt uses the angent formula due to its relatively low-resolution data (1.24) as
well as its relatively small number of norhydrogen atoms in the asymmetric unit1w7q is a
light element structure that was not solvedab initio after more than four hours.flip_regime_2
of S1introduces perturbation and it should be used for cases where there the ED seems quiet
during the charge flipping process; decreasing the absolute value dlip_regime_2reduces
perturbation. In the case of 1cm2flip_regime_2was set to oscillate between-1 and 1. Larger
values clearly shows too much perturbation in the ED.

Graphically inspecting the ED or looking at the (%ED > H) output on the local can be used to
TWaqll GRUVDWRNWq6 I Dkt WaqYYWIRaqaGUWY! WaqVYYWaeHE WC
should typically range from 1 to 5. For example, settinfjaction_reflections_weakto 0.9 re-

sults in too much perturbation. Or, using the Tangent formula macro oAl structures, without

the mitigation strategy offFix_Uranium_3 results in too little perturbation resulting in uranium

atom solutions. The value set fofFix_Uranum_3 should be just high enough to prevent Ura-

nium atom solutions; a value of 1 seem to work in most case§ he number used folinsert of

pick_atoms should be just high enough to change the position of the highest intensity ED peak

every 40 to 50 iterations as defined byghoose_randomly; note pick_atoms is executed when
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choose_randomly is greater than zero.add to phases of weak reflections90 results in a
shifting origin and it should not be used witlsymmetry _obey 0 to_lthe latter prevents origin
shifting. add_to_phases_of weak_reflectionshould be set to Rand{180,180)instead of 90
when usingsymmetry _obey 0 _to_1Further structure solution tips are:

1 Trythe simple SO strategy first for number of atoms less than about 300.
i If a heavy atom is present, then try SO.

1 Inspect the ED graphically; if it does not show distinct atoms after a few iterations then
change strategy.

1 Use S1 for large difficult structures

1 Try the tangent formula when the number of nehydrogen atoms in the asymmetric is less
than ~500 atoms. The tangent formula reduces perturbation allowing lower resolution
structure to be solved.

The range of convergence of structure factor phases can be investigated by loading optimum
structure factor phases values, usingset initial_phases_tg and then adding to the optimal
phases using randomize_initial_phases by High resolution data can have their optimal
phases changed by an amount of 0.96*Ranel{80,180) whilst still being able to solve the
structure within a few dozen charge flipping iterations. Most of th& § x é E efamphes con-
tain the following for investigating this range of convergence:

#if  (0)
set_initial_phases_to optimal.fc
randomize_initial_phases_by = Rand( - 180, 180) 0.9;
#endif

19.1... HWRURqqRYW YideqRYUWYnWal REGRURALWNG A

PDB code 4lzt comprisesl183 non-hydrogen atoms in the unit cell and is considered difficult
to solve, seeElseret al., 2017.4lzt contains 10 Sulphur atoms and these are considered mod-
erately heavy. If we were to insert ED peaks at positions corresponding to the highest two
peaks of the optimum electron density, then charge flipping finds a solution and within a few
iterations; M x EEPl N § ~ E idémorfstrates this where an ED starting with the two highest op-
timal peaks, inserted usinginsert_atoms, produces and Rfactor plot of:

Launch Mode: C:\c\t5\cf-protein\4lzt-P1\2-atoms.inp

0.9

0.8

R-factor

0.7

0.6

0.5

0 5 10 15 20 25 30
Iteration
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In fact, any two of the five highest peaks produce similar-Rictor plots. However, these opti-
mal ED peak positions are unknown. The strategy that works therefore involves picking an
atom randomly out of the 10 largest peaks in the electron density and setg the picked atom

to a large density. The INP file looks like:

fraction_reflections_weak 0.5
add_to_phases_of_weak_reflections = Rand( - 180, 180);
fraction_density_to_flip 0.97

scale_flipped 0.2
pick_atoms  *
pick_fwhm 5 omit fwhm 1 insert_fwhm 1
choose_randomly = If(Mod(Cycle_lter, 50), 0, 10);
insert 10
Fix_Uranium_3(0.5)
ATP(1000, 1) a 2GL9DDQ J9F<GEAR= H@9K=K 9>L=J TSSS AL=J9L¢#

pick_atoms picks atoms with a FWHM of 53, as defined bypick_fwhm; this relatively large
value ensures that the picked atoms are approximately % apart. Once picked, pick_atoms
removes the atoms with a FWHM as defined bymit_fwhm, and then inserts atoms with a
FWHM ofinsert_fwhm. A solution of 4lzt takes a minute or two on a laptop computer and a
typical R-factor plot looks like:

192 . EVie qRYURRHRYRH WG ¢ qqRAJE Wet RUNLWE LWt

Large nontriclinic structures with many origins are difficult to solve. However, because of
symmetry, norttriclinic structures can often be solved when the position of a single atom is
known within the ED. Atoms can be inserted in the ED usimgsert_atoms; for PDB code 2wfi
we have:

charge_flipping
cf_hkl_file sf.cif a 1LJM; LMJ= >9;L >AD= >JGE
space_group P212121
a 37544 b 65144 c 69.680

fraction_reflections_weak 0.5
add_to_phases_of weak_reflections = Rand( - 180, 180);
fraction_density to_flip 0.97

scale_flipped 0.2
symmetry_obey 0 to 1 0.25 find_origin 0
macro Occ_0 {100}
insert_atoms {

170 Solving proteins at atomic resolution
















































































































































































































































































































































































































































