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TTRODUCTION

The cﬁamiztry and metallurgy of thorium and uranium were invaesti«
geted extensively by workers on the Manhattan Project during the past
few yosrs. These investigebions were pursuved by all availsble sclentific
wethods. Among these, the X~ray diffraction method provided a powerful
tool for phase identification and structure determination; which greatly
agssisted in the solution of the metallurgical and chemical problems.

Intermetallic¢ Compounds

Although the application of the I-ray diffraction method to the study
of the binary systems of uranium with other metals was originally intended
to supplement the thermal and miemkeoyia investigations, the structural
,:‘er?anigatims which resulted had additional value in relation m‘ the theory
of metals. Several sttempts have besen made %o explain or to correlate the
compounds which sre formed between metals. BEach of these suggestions iwve
been partially successful when applied to selsct groups of compounds, and
totally unsuccessful when applied to others. All methods involwve some
assumption with regard to the valence of the metal atoms. Since the
valence of the transition metals has been assumed to be constant in several
of these hypotheses, and sincs the sise of the metal atoms does not vary
markedly, the series of intermetallic compounds formed by uranium and
thorium with these elements are quite interesting.

It was obsarved in the uraninm series that the number of intermetallic
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chemically. The composition found by chemical analysis for the cobalt
compound was UgCoy 9. (A similer result was found for the manganese
compound)s This result was high in cobalt, undoubtedly becsuse the needles

were separated from & cobalt rich matrix.

X~ray Diffraction Data

Exporimental methods

. Bouipment. 411 of the powder diagrams were m.%& in a powd
camera of 5.73 om. radius with the film mounted in the Straumenis fashion.
The powdered alloy sample was conbtained in a sealed, &w&?&mg» Pyrex
capillary approximately 0.2 mm. in diameter. The single crystal diagrams
were prepared in a singls crystal rotation camers of five agﬂmﬁﬂoa.u
radius 2nd in a Weissenberg camera of 2,836 cm. radius. The single
erystals, about 0.003 em. in diameter, did not need to be protected from
the atmosphsre. ‘

Source of X-rays. Nickel filtered copper characteristic K radistion

was used for the powder and single crystal investigations. Lauwe diagrams
 were prepared using the continuous rediation from & tungsten target of
& self-rectifying ges tube operated at fifty kilovelts.
Intensity determination and correction. The intensities of the
- (bk0) end (hkl) reflections were estimsted visually from single crystal

rotation diagrams by comparison with spots of known intensity on diagrams
of a known structure (7). The (00]) reflections were estimsted from
Weissenberg disgrams by visual comparison of five multiple films.
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Unit cell dimensions of the Ugl compounds

Single crystals of Ugin, UgPe, Uglo, and Ugi were examined and
found to produce almost identical single crystal rotation disgrams.
The single crystal rotation diagrams were indexed by using a body~
centered tetragonal lattice obtained by Wilson and Rundle (5). The unit
cell dimensions which are listed in table 1 were determined from powder
diagrams. The X-ray densities, f» are reported on the basis of four units

of Uglt per unit cell,

Table 1
Unit Cell Dimensions of the Ugl Compounds®
(in Angstroms)
s s . e in gm/oe
Uglin 10.29 +.01 5024 £.02 17.8
gﬁF‘ 16-31 t a'% 5.24 + ',92 17 .’?
E&GQ 13036 T em 5021 * 02 }a-? b?
Ui - 10.37 £.04 5.21 .02 17.6

!The dimensions are sxprasaa& in true Angstrom units (8).

Determination of the Laue symmetry

Oscillation and Welssenberg diagrams were taken with the axis of
rotation along the a and along the ¢ axss of the crystal. Laue dlagrams
were taken with the X-ray beam normal to and along the ¢ axia of %h@
cryatal. All these methods indicated mirror planee both perpendicular
to the four~fold axig and containing the £aur~1-£éld axis. The lLaue
symwetry is, then, D;n - 4/mmm.



Structural Determination

Space group determination

All the reflections which were observed can be clessified in the

following manner. |
(nk £) present only with h+k+1 even,
(}_130 ) present only with h+ k even,
(ok L) present only with k even and{ even,
(xnf) present only with { even.

The {_hk_g) dets require a body-centered unit-cell. The (nk0)
dats require that there are neither ¥a" nor "b" glide planes perpendicular
to the ¢ axis. The (OkQ) data indicate that there is an "a" glide plane
perpendicular to the b axis, a "b" glide plane perpendicular to the &
axis, a "¢" glide plane perpendicular to the & or b axes, or an "n"
glide plane present. The (bh{) date indicate the absence of a (110)
glide plane with & ’*d;” glide. The cheracteristic extinetions due to
two-fold serew axes are masked by the requirements of & body-centered
lattice. There are no indications of & 4; or a 43 screw axis.

Space groups which do not permit twenty-four uranium atoms and four
transition metal atoms in the unit cell do not need to be considered.
Therefore, only the space groups listed in table 2, which satisfy the
synmetry reguirements, e possible. The twenty-four uranium atoms mey
be in & sixteen-fold set of eguivalent positions plus an eight-fold set
of equivalent positions, in three eight-fold sets of positions, or in a

lerger number of more special sets of positions. The sixteen and eight-
fold sets will be considered first.



Table 2
Possible U Atom Positions in the Ughi Structure

Pesitions

Space group g
{Add 000, to all positions)
D 16 gk; xy0; Xy0; yx03 yx0; 3¥d Trdy yxb xk;
8 (h) X%+x,05 X3-x,05 2+%,%05 -X,%,0;
03 16 1) Mo Xos o5 g% x50 X0s ya0; 303
Al =S
8 (3 o Iy oy Do
Bz 16 g; xys; Xys; XyE; IXy%; YXE} YXBj Fx=j YyXu3
8 {(g) x0; XX0; xx0; x03
. a:g x00; X003 Ox03 OXO;
g (1) xﬂzs x08; Oxi; Oxl;
8 () xirxd Dd-xed XFex3/4 x3-x,3/4;
eii 16 (4) xyz3 Xys; yxs; yEz3 X%+ 23 X,3,4+33
Ys%d 55 Ty%,% ra; o
8 (e) =x=Btx,83 Hd-X,85 Frx,X,85 F-X,%,%3
9 o _ . o
Cv 16 ﬂ xye3 Xys; Xyss Xye; YyxXsj IXu3 yiKRj ¥x23
8 {e) =xxs; IXE; Fxsy Ixeg
8 (d) =xOmy xOm; Oxsz; OXz;
i 1% iﬁg xXys; Xyw; Xys; XyE; X3 yES} yxm; Yimj
, 8 ({f) x00; %003 Ox0; OX0;
8 (g) =0k 04 oxb; oxh
8 (1)  xxm; XXy x%e; =xx%3
10 e o -
D2g 16 (1) xy=; Xims yxa; yxe; Ly,h+85 x,5,%+33
Vexod-55 Foko® -85
8 (o) xxiz I x,X,3/45 Kx,3/45
8 (h) xX3rx,03 X3-%05 x3-x,% Ti+xd

xysy Xyss Xyms Xyz; Jx8; yXay yxE; Fxa;
Shrak Bhenk ni-uh Hirnh
Xp% rXy 33 XpB X33 X5 -Xy3 X3 4K,
x&;%&;én;&@; ’ ’

oo o o
ERa
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eliminstion led to the following possible x and y parameter values:
(Where x-y, the parameters correspond to an eight-fold position.)

S T b
A 0.183 0.017
B 0,183 0.167
¢ o0.083 0.083
D 0.100 0.100
E 0.067 0.033
G 0.217 0.100

Parameters A and B did not lead to a suitable arrangement; C and D
corresponded to eight-fold positions. The arrangement E was eliminated

" beoause it placed the wranium atoms too close together, Using para-

meter G a ressonable arrangement of uranivm stoms was obtained as well
as a rough agreement with the intensity desta. When the ursnium atoms
in the sixteen~-fold position were given the G parameter values, only
one of the eight-fold positions was favored by intensity calculations.
Reasonable values for the X parameter for the ureanium atoms in the
eight-fold position seemed to be either 0.100 or 0.400 (corresponding
to wvr These parameters gave very reasonable agreement with the in-
tensity data. , |

In order to refine the values of the parameters, a projection of
the elsctron density upon (001) was made by evaluating the double
wowﬁ%an. series, -2 (hx 1 k)
0 &) =22 Firxo) ©
e signs of the w@w& were determined from the F's calculated on the
basis of the approximate parameters found above. The parameters which
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‘Fige 1. Electron density of UgH projected on (001).
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fold position. A third moreorless trial and error refinement made
preceding the Fourier projection gave the values 0.213, 0.103, &nd
04405 | |

 Actuslly, it is difficult to say which set of parameters Eives
the best agreement with the intensity data. The first and last set
of garmtars pormil more rmwnablé wraniuve~uraniue distances than
ths second sét. Only one least sqQueres determination was performed
which may explain the high value of the y parameter obtainsd by that
mathod.

The psrameter valuss determined from the electron density plet

were ussd to caleculate the intensitiss of the (hk0) reflections for

comparison with the observed values as showm in table 3.

"fm determination of the % parameiers

The determination of the x and y coordinates of the atoms elimi-
nated space groups DAL, D3, D3d, and Cly since the sixbesn-fold
positions in these sp#m groups place atoms impossibly close togsther
in the same plane. Xost of the aigﬁtnfe’m positions were aliminated
for similar reasons. The écasisién batween the remaining space groups
dapended upon the arrangement in the z divectione

There m only four different srrangementes in the g direction,
all of which are very close to the arrangement in space group ﬁig. In
this space group two ursnium atoms in the sixteen-fold position are
placed only 2.69 4 apart. The arrangement in 62’3 does not permit an
enlargement of this distance, and there sesms to be no other reason for
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| Table 3
Intensity Comparisons for Ugin: (hkO) Data

Indices Gbaserved
110 28.3 #*
- 200 3.3 15
310 31.7 32
330 102 100
420 120 120
516 336 200
440 49 50
530 2.3 20
600 186 75
620 16.4 15
710 '7] 900
550 1290
640 66.6 100
730 19 50
820 12.6 15
660 24 185
750 25.7 40
840 T79.2 70
910 23.4 25
930 61.4 65
770 4 5
10,0,0 149
260 8 ] 190
10,2,0 Ted 10
950 4448 35
10,4,0 32.1 30
11,1,0 150 160
8@ 801 r ———

*45ot observed on this filw because of the haam cawhar.

cobserved on other films in about the right megnit

It hag been
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Table 3
(Continued)

11,3,0 1.3

970 sa.z] 50
10,6,0 417 | 400
12,0,0 1.4 e
12,2,0 99 —
12,4,0 60.6 60

317 170

eonsidering this set of positions further. The arrangements in both
23%& snd Ez permit this distance %o be enlarged, since the g parameter
allows varistion from the gax&mt&rkw positions in &ﬁ* There is an
optimum value of this parsmeter which places the two uranium atoms a
maximus distance spart (2.73 A. in easch case) with g = 0.042 popr |
Bég and 2 = 0.208 for i@‘gﬁ Inereasing or decressing the velue of %his
% perameter plsces two uranium atoms closer together.

1t should be peasible to distinguish among these four possibilities
and to determine the 3 parameter on the basis of the (000), (hk() or
(0k Q) data. Unfortunately, here, as in the case of the (hkO) data, the
nhaérg%ian factor was wvery im;»%én%, and it wes even more difficult to
celculate. It was, howsver, csrefully caleulated for the (000) data.
From the somparison of the nﬂimtﬁd and calenlated intensities given in
table 4, it is evident that the 3 paramster differs less than 0.02 from

the ideal values of zerc &nd cne~fowrth for ’.f&%g and 32 respectively,
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The tempersture factor was omitted in thess calculationsy if it
is appreciable, it will require the parameter to differ even less
from the ideal values.

Table 4
Intensity Comparisons for Uat: (00{) Data

xndien | o Calonlated . Observed

_% = @»m Qvﬁg &;9&2
002 606 680 1030 630
004 260 260 260 260
006 %2 186 59 195

With this small veriation it becomes difficult to choose betwoen
the arrengements in n2 and ,ﬁ%ﬁ» The arrangement in ﬁlgg geans more
probable because it does not permit the raflections of the type (Ok L)
with k m“gm %o ogcur at ali. These reflections are not nbserved.
:{n‘ fact, since -;bhu paremeter seems near gerc, it is quite possible that
' the arrangemont ia z;%ﬁ is correct. Intensities have been calculated
for the (&kl) reflections on the basis of the iéﬁ arrangement using the
absorption correction cited previcusly and ars given in tabls 5. The
agreement is only fairj the discrepancies ars undoubtedly dus to the
spproximate absorpbtion correction. |
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Tabls 5
Intensity Comperisons for Ugliz (bkl) Data

Indices  Calculated ~ Observed

101
211 L 0.6 8
301 | ¢ ¢
321 858
611 32 40
501 0 0
431 34 60
521 2.7 20
611 45 50
631 0.3 0
701 0 0
721 85 100
ﬁ% | 2.8 0
8: 1.8
741 3..6] 15
831 b7 500
901 ) 0
921 ‘ » 23
961 52 ] 75
851 6.8 20
941 17.7 o

10,1,1 0.5 0

10,3,1 19 . 35
271 454 : 250
961 0 25

11,0,1. o 0

11,2, ~ 11.3]

16,5,1 5.7 15

11,4,1 ‘ | 132 100




Dilscussion of the Structhus

Intpratamia distances

The interatomic distances in this structure have been calculated
for an sverage valus of the wnit cell dimensions of the four iso-
structural compounds, & = 10.34 A., ¢ = 5.21 A. These distances are
listed in table 6. One of the notable points in this table is the
cjose uranium-uranium distances whioch are observed. The distance bew
tween the U; atoms of 2.69 A. 1s 0.07 A. less than the shortest dis-
tance observed in uranium metal (2.76 A.) {12). (From the limits of
error sst on the value of the Y parameter in the uranium metal structure,
this distance could be 8s low as 2,74 A.) Even the distance between
the 3}2 atoms of 2,73 A. is less than ’thst observed in wuranius metal.

Tebls 6
Interatomic Distances in the Ugl Compounds
(in Angstroms)

E}. ligande o T, Exigsnds ' ¥ Ligends
Ligsnds Diatance Ligand Distence Ligends Distance
2 ¥ 2.78 2 i 2.84 8 ‘}1 2,78
1 0W 2.84 L U 3.24
2 0 3.08 P 3.28
2 U 3.28 2 ) 3.39
2 @& 3.35
i ¥ 3.39
2 % 3.47

It is interesting to see what results are obtainaed when Pauling's
metallic radil and his relationship between bond order and radil are
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applied to this structure (13). Using the radius of l.42 for
uraniﬁm and an aversge value of 1.16 for the radius of the transi-
tion metal a’bﬁﬁ, t;hé‘ ‘htmé orders wers calculated according to the
formils |
R(1) - R(n) = 0.30logn ,

where R{1) is the single bond radius of Pauling, R{n) is the radius
of m atom participating in an nth order bond. The short distance
of 2.69 A. corresponds to & 1.8 bond o

The valence of each kind of stom can be found by summing uwp all
the bond orders of the bonds which the atum forms with its neighbors.
The valsnce of the Uy atoms was found to be 5.46; the valence of the
U, atoms was found to be 5.36. These valences are in quite reasonable
agreement with Pauling's value of 5.78 for uranium. The valence of the
transition metsl atom, 4:50, it uct in agreement with the expected
value of 5.78. Its valua can be increased in the Dag and Dj arrange-

ments, however.

Application of the zone theory of metals

Hume-Rothery (14) found that certain metal alloy phases achieved
stebility when they had a fixed eilaeﬁrezi to atom rstic. Jones (15,16)
tr’iaé to explain this observation on the basis of the modern zone
theory of metels. He found that for alloy phases which satisfied
Hume-Hothsry's rule, the sdge of the filled region of snergy levels was

close to a prominent zone boundary. Thus, ﬁwm&iary*s rule is equivae-
lent to stating thst a stsble alloy phase occurs if there is a neerly



wﬁh.m&% Ul POJOPTEUCO Bq 0% eUmMToA jupidodEy eul pue BEOUDTRA 08II0D

oy3 Burtureoucy uwoturdeo Jo eousxsiIp sgm fLrqusxedde fuy saeyy
*e03ds  is JO SUMTOA TUR 8yg Lq PePTATP Lrepuroq eucs eui £q
pesseduoous sowds 8y} Jo sumpoa ey) o4 fenbe 8T peyoess sf Ligpumoq euos
seTnoT3red ® e07eq STeAST ABzeus UF PESNTE 8q GRS YOTU exTed UeIDETE
Jo Jequnu eys ‘sayp *ayed uUOIJOSTS eMG- SUTEIUCD ‘soeds SOTIIET
Tevoadoas uw sumyes 3@ ou3 ‘eonds WMy JO JUSKOTS WOWT *SUOTIONL]
-BI fwx~y Buoage yym seueyd eyy o3 Surpuodsesics gﬁw«w ﬁaﬁmﬁﬁ
o ur (Fu) guged eyy o ‘x0T + wofl +weq ‘203004 e0T3997 Teocxdyoel
ou3 ST ¥ PUs “eoTiger Tecoad1osy eqy T Jojoes BuTuunx ey ST N sIatn

‘r/E =Ry |

7 seTIEpPUNOY euos oug Burmxol seusyd ey Jo uopyenbse Jojoea Byj
.&ﬂﬁﬁaﬁﬁ Les~y Suoxys
oy 03 Buppuodesxzos seweTd Lq pepunoq eucg qeyq 8T sucs queqsodwr eyy
..a:ﬁ *£yynurjucostp L31eus eBawy ® JoJ TeTIUesse 87 (UOISORAIITD
fea~y uy pesn se) epnyTrde samgonrys euj Jo enyea e3IET ¥ 9EU} poMOUS
spuop *AJepUnOQ SUOE BY} 3T STBAGT euy Jo L3aseus ey ur L3nupqucd
-g1p 8BaeT ® 8T sasyy JT quersdds sxow ST suUOE PETTIJ ALaesu syj Jo
£a1TIq998 ey °*dn POTTTJ ede OucE euy UT BTAAST ABaeue 8yl Jo 1S58l ou3 BE
seguexdep eswyd euy Jo AJTTTURYE o3 fgmyy emuoIyveTe Sy TI® Jo ABaeue
weel ey weyy Jefzer sy LBxeus TeucTiIIpPe oyl Jo L3asue eSvaesw Vyy
greasy Supurewes eyy dn Buryriy Ul ~Asepuncg PUOZ ey} peyouoy eowde
Jequmu~-sAes UT sanojuod LBxeue eyj sasum juted eyl of dn %@kaﬁ

eseud eyy Jo L37TTqe3s euyy juYuy Areariejrrenh peucys souop
* SHUOT wa weogesls POTTLY



23

vthe asém theory. Jones used the valences of Hume-Rothery and consider-
ed the volume of the sphere inscribed in the zone as being of primary
importence. Pauling (17) used his valences amd considered the filling
of the whole gone to be important. Frequently, the differsnce in volume
between the m&i@m& sphere and the zone are not large. Pauling's
valenes for the transition metals, however, is 5.78, while on Hume-
Rothery's scheme it is merc.

The importent planes in the Ugli structure are the (002), (004),
(550), (552), (3a1), (323), (600), (660), (10,0,0), (11,5,0), (831),
end (10,6,0) planes. If one uses Panling's valences, there are
(24+ 4)x5.78 or 161.8 electrons in the wnit cell. SBince there are 2
elsctrons per unit of "K* space, in this em 2 &2@, the wnit veluns
of the recinmrccal lasttice spsce, ‘the volume of 2 filled gzone should be
80.9 a#°ce. Using the vmm ef;rs;x for uraniun and zero for the
transition metal atom, there would be 144 electroms in the unit cell.
From the pbserved values of the valence, the number of bonding eiectrmw
is 148.7. The radius of the sphere in reciprocsl lattice space which
would contain the proper number of electrons is 3.37 a# for the case
using ?anmg‘*s values of the valences. The radii would be slightl&
smaller for the other cases. This radiuws corresponds roughly to the
normal distence from the origin to the zone boundariss due to a {(550)
plane, for which the distance is 3.535 a¥, or to the (323) plane, for
which the distance is 3.48 a%, or to the (600) plane for which the

stance is 3 a.

The volumes of the possible bounding gzones have been calculated
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and are listed in tebls 7. Only one of the sones has the correct
value on any basis. The zone bounded by the planes due to (600)

" and () will hold 144 elsctrons. This is the numbar obtained by
using Hume-Rothery's valences. Howaver, this zone is truncsted by
mény other zones.

Table 7
Volumes of the Inportant Zones in Ugl Compounds

ey oy v S———
(321) 61.6 a#le
(600) (002) 724
(55@3 (cm; 100.
(550) (323, ' 127.

¥ost of the zones have a mugh larger volume than those shown in teble
7.

Probably the zone theory does not have any real significance
for this structure. FBven if it does, it does not seem immediately
evident that this theory should ;#éd:ic% the sbsence of & similar
structure in the uranium~chromium system or even in the armium—cepgar

system.

Conclusions

1. The crystal structure of the isestructural compounds,
Ughn, UgFa, UgCo, and BgNL, m been determined. '
2. The structure has bean miﬁamé from the viewpoint of
the theories ér matals. ?ml‘ing*s mggastiamf concarning the valence
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and metallic radii sesm to be consistent with this structure. The
appliesbility of the gone theory of metals to this compound is

questionable.

Summary

The unit cell dimensions and structure of the isostructural

mpounds, UgMn, UyFe, yﬁéﬁa, and UgNi, have been determined. The
dimensions of the body~centered tetragonal unit oell for Ugn are 8=
10.29 A., €35.24 A.j for Ugfe, 8 =10.31 A, g =5.24 A.j for Uglo,
2 = 10.36 A., e25.21 A.3 for UgNi, & = 10.37 A., ¢ = 5.21 A The
atomic positions may be described on the basis of positions of space
group Dib With the atoms in the following positions:

(add 000, 33} to all positions)
4 ¥ at 00%; 003/4

16 U at xy0; %30; Jxos XO; Xyi; ¥ yxk; ¥Eh
with § = 0.2141, = 0.3021
8 Vatx, 2+x,0;5 X,2-x,0; %+x,%,0; %-x,%0;
. with x = 0.4068,
A possible variation from these positions in space groups
3}2 and B%g has not been eliminsted.
Tha structure iz discussed from the viewpoint of the theory

vﬁf metals,

THE STRUCTURE OF THE ThoMy COMPOU!

Introduction

The binary systems of thorium with the first transition group
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metals have not been investigated as extensively as their urenium
' mhga.y No X-ray data has bsen reported, and only fragmentary

ﬁmm&}. md microseopiec investigations have besn made. Thus, none
of the compositions of the internetallic phases were kown et the

start of these structursl investigations,

The Determination of the Composition of ‘Zh7li3

Pragustim and ' oCouUrrencs

The alloys were prepared in the same fashion as the uranium
#lloys in the preceding section. Similarly, slloys with less than
70 stomic per cent thorium provided single crystals of the compound.
The single emt&l&gxﬁzi&é in the form of six-sided needles protruding
into cavities in the alloy. The needles were brittls end were easily
separated from the rest of the alloy.

The compounds werse found to occur in the systems of thorium with
iron, ééban, and nickel, A suitable alloy which might contaln the
mgmsu analeg of these compounde has not yet been prepared. Powder
disgrame of the alloys were alméat identicel for all three compounds.
In addition, the single erystal rotation diagrams of sach of the com=
pounds appeared similar.

The compogition of MB

The composition of the thorium-iron compound wes determined by a
combination of microscopic and X~-ray diffrsction methods. It was
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sasumed that the wolume cccupied by the thorium and iron atoms in
the intermetallic compound was the same &s that in the primary
phases (6). The stomic wlm of thorium is 32.9 &?’; the atomic
volume of iron is 11.8 ,&% The wolune of the unit cell of the come
pound (see below), 518 A3, is only slightly smaller than the volume
of sixteen thorius atoms (525.8 A2). Since the volume of one thorium
atom is sbout three times that of sn iron atom, the removal of one
thoriua atom and the substitution of three iron atoms will lsave the
totsl volume of the wmit cell almost unchanged. The series of come
positions which result together with the expected wvolume of the wnit
cell are given in table 8.

Table 8
Posaible Compositions for the Thorium~Iron Compound

Composition Volume of wit eell in A3 Atomic % Pe
ThysFeq | 528.3 16.7
ThisFez 516.5 1.8
Th1Fes 519.0 26.3
ThisFes 506.2 22.2
ThyzFeg 533.3 40.9
ThyyFes 521.53 38.1
Thy3Fo7 509.7 35.0
Thyo* 012 535.7 50.0
ThyoFe11 523.7 47.8

ThioFelo 512.2 45 oh

Microscopic evidence indicated that the composition of the phase
was in the neighborhood of twenty-sight atomic per cent irom. Only
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cobalt, snd thorium-nickel systems have been determined from powder
diagrans by A. I. Snow. The unit cell dimensions are listed in table

9.
| Table 9
Unit Cell Dimensions of the Thyldiy Compounds”
{in Angstroms)
Compound & €
m??ﬁ3 ' o 9.85 6.15
ThoGoy 9.83 6417

Srhe ﬁimansima are expressed in trus Angstrom units (8).

- Leaus symme try

Oseillation diagrams taken with the crystal rotating sbout the
¢ axis showad that the crystal possessed & mirror plene perpendicular
to the six-fold axis. De Jong-Boumen diagrams, prepared by A. I. Snow,
showed that thnaryatsl possessed six mivror planes parallel to the

six-fold sxis. The Leue symmetry iz, then, Dgpn.

Structural Determination

Space group émtaminat;.em

Only space groups which produce the diffraction symmetry of
D¢y and which provide positions for fourteen thorium atoms in the unit
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the proper set of gésitmns for the remaining thorium atoms and to

determine the approximate values of the parameters, & Patterson

?2/;'2 vector map (18) was prepared by evaluating the expression
plx,y) = _22?2/?’{;;@ e 2Tl i)

A contour plot of this | projection is shown in figure 2. The plane
~group of the projection is ce .

Yoet of the peaks on the ploit zre representable by the general
ecoordinates {:,233, (2x,x), (x,%)s Only a few minor peaks have
am#&iﬂatu {x,0), {0,x), {x,x), or the general coordinate (x,y}.

In gémra}., the pesks due to vector distances between atoms in the
twalve~fold general position of the C6{{ plane group have the coordinates
listed below plus those arising from the symmetry of the plane group.

X+ ¥y, X + ¥

. -

R

1
by
™
9

oy
W MR
'
¥
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Table 10
" Possible Atomic Positions for Mg

Space group Foaitions

1321; 12 (3) xy%; Fox - 7,53 ¥ - %,%,11 X,5,3/43 ¥,7 - X, 3/4s
X = %91:3/43 ¥s%,3/4s X,y <%,3/43 X = ¥,5,3/43

FiXydi XX = § 3 ¥ - X753
6 (13*3 x,%,% R ,x, x,x, 3 1,23’-,3]6, Zx,x,B/é; x,x,zﬁé;
2 (c) 1/3,2/3,45 2/3,1/3,3/43
2 (é) 1f332/333fé3 2/3;1/311/3’3
1 ,
Dgnh 6 (m) x,ax,é; 233*}%3 xs";‘%i xaﬁséi 2&,&,%; x&"ﬁ%i
6 (1) 03 2&,1,&; X,X,0; X,2%,0; 2x,x,03 X,x,0;
6 Ek x,ﬁ‘-’f,éx 0,%,35 X,X,33 X,0,4;5 0,535 x,x,33
6 (3) x,0,0;5 0,x,035 %,x,0; :t,&, 3 0,%,0; x,x,03
2 (¢) 1/3:2 3:33 2!331/3;@3
2 (ﬁ) 1}3:3/3§1/2§ 2/35113:1123
1 - , ;
Dg 12 (n) x,7,%; ¥, X-¥,83 F-X,X,8; X,¥,%3 ¥:¥,— X8}

E S o 2 y,x,s; x:? X,83 X-¥,¥,8; ¥.X,%3
X,X -y,%3 ¥-X,
The six~fold pasitiens {m), (1), (x), sxd (3) and t
two~fold positions (d) and (4) are the same &8s in D

Oby 12 (a) X,¥,88 FX ~¥,85 V- X,%,2; x,g%m; Ys¥ - X,5 + X3
X -F,%,5+ 85 Y,X,h+ 83 X,y-X,5+8%3 X-¥,V,4+23
- 3’1*:33 X X ~Ys83 Y -X,55%5
€ (2} =,2x,23 &,X,85 x,%,2; X,,5 23 2&,x,5+835
b 4% + %3

2 (b) V3;2/3:§§ 2/3:1/313‘/2“'§3

ﬁ%v 6 (5) x,2x,23 2*:35335 X,X,%5 X,2%,85 _2%,X,2] ¥,X,8}
6 () =x,0,83 O,x,85 X,X,83 %,0,8; O0,%,2; X,x,8}

2 {h) | 1/3; 2/3,8; 2/'3:14{3:53

P 60 xyd Txerds y-xEb ,x,:ws %,y-x, 345
X~ ys?;3/43
The two-fold seis are t.he gams s in |

B3, 6 (0 xyd; Sx-vnd v-xEb nah Ly-xh
X -¥,Fs23
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Table 10

(Continued)

"

H
t

Space group o Positions

6 (3) x,7,03 Fox- 7,05 ¥-X,%,0; 3,%,0; X,y -x,0;
2 (6) 17357505 2/3,1/3,0
2 () 2/3,1/3,1/25 1/3,2/3,1/2

P 6 @) xy.ds k- Yok T-XKsds TEeds xx-yds
Y ~Xy7,33 _ o
6 (1) x,7,0; ¥x-75,05 y-—x,%,0; 7,X0; x,Xx-7,0;
Y- X,5,03 _
2 (p) 1/3,2/3,33 2/3,1/3,%;
-2 (1) 3f3:1/3:53 1/3,2/3,%;
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A1l of the possible x and I paramster valuss may be found from

the (x,%) met of pesks on the Patterson vector mep. The possible

. values of x or y are 0.07, 0.13, 0.20, 0.26, 0.33, 0.40, 0.47, 0.53,
0460, 0.6?, ’,é.‘?é, 0.80, 0.87, and 0.93. For sny pair of § and zk
values chosen Mm the group, pesks with the genersl coordinates
listed sbove plus those due to the plane group symmeiry must occur
if the chbice is a proper one. It was found that the only combinations
- of x and y which would produce the other pesks were those which caused
the general twelve-fold set of pesitions to pass over to a six~fold
set of ths type, ’

xX,2x3; 2w,x3 x,%3 X, WX,X; X%

By trying the different possible psrameter values in the sixe
fold positions, keeping in mind & satisfactory arrangement of tﬁe
atoms with respect to interatomic distances, it was found that the
following positions satisfied intensity and spatial regquirements.

6 Th et x,2x5 2,x3 x,X; X,285 2X,X; X,x;
with x = 0.122 or 0.878.
6 Th at the ssme set of positions but with x - 0.456
or 0.544.
2 Th ab 1/3 2/3; 2/3 1/3.
The iron atoms were placed in holes in the #mtm with the
positions,
6 Pe st x,2x; 2x,X3 X,X3 K,2X3 2X,X; X,X3
with x = 0.167 or 0.833.

These positions mre in accord with the Patterson diagram, snd
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peaks are present on the diagram at the actual positions of the
thorium atoms above, This is to be expected as the result of vectors
from the thorium atoms at {1/3, 2/3) and (2/3, 1/3),

The structure factors for the approximmte positions found above
were calculated for (hkO) reflections. The signs of the structure
~ factors were used with the observed valuss of the structure factor
in the Fourler series representing the projection of the aieetrma
density along the ¢ axis on to the (x,y) plane. As a result of these
summations,the better valuss of the parameters as determined from the
positions of maximum electren density in the plot were found to be
X <0.126, x' = 0,539 for the thorium atoms and x = 0.800 for the
iron stoma. | |

Determination gg the s parsmeters

As & result of consideration of t;ha gyati&l z?gqni.remnta of the
thorium atoms, there appears to be only two methods of ar:mging the
atoms in the g éireezim’, | | | |

krmgamnt I
2 Th st 1/3, 2/3,3/4; 2/3,1/3,3/4s

6 Th st x,2x,55 2x,x,3/4; 2, X,35 X,2K,3/43 x,%,3
E,x,3/4; - with x=0.126

6 Th at same positions with x = 0.539
| 6 N1 at same positions wi,h% x = 0.800.
mmg&ment II
2 Th at 1/3,2/3,25 2/3,1/3,1/2+3; with g =0

6 Th ab x,2x,8; 2%,%,z; x‘}i,a; X% +235 X,2%,3+ 53
2x,x,% +2; with x =0:126 and & =~ 0.250
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very close together. The iron atom parameters were adjusted in both
the x and g directions to preduce reagonabls interatomic distances
between stoms. The optimum set af,parumaﬁars with regard to distance
together with the positions are listed below.

2 Th at 1/3,2/3,33 2/3,1/3,1/2+3; with 3 = 0.06

6 Th at x,2x,3; 2X,%X,3; Xx,%,8;5 X,x,3+35 X,25%1+u;
2x,%,% +35 with x = 0.126 and 3 =0,250

6 Th at the same positions with x = 9.54& and £ <= 0.03

6 M st the same positions with x =0.815 and % =0.31.
A projection of these atomic positions upon the (x,y) plane is shown
in figuwre 3. The calounlated intensities of the (hk0), (hkl) and (hk2)
reflections agree with the observed values as well as may be expected
in view of the zbsorption epproximation. The intensity comparisons
are shown in tables 11,12, and 13.

Discuasion of the Structure

Interatomic distonces

Interatomic distance caleulations already have played a part
in determining the final structure. zﬁéwrﬂmhas, it is s$ill ine
structive to apply Pauling's rule relating bond number to bond distance.
The bond numbers were calculated for all the bond distances connecting
each type of thorium atom as shown in table l4. The valences of the
atoms, which were found by summing up all the bond orders of the bonds
to the atom concerned, are 4.03 for Thy, 4.4 for Thyy and 3.42 for
Thyry. This is reasonsble agreement with the expected value of 4.
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The valence of the transition metal atom, 4.23, again is low as in
the uranium co

mpounds. The acouracy of placement of this kind of
atom is not nearly as great as for the thorium atoms, however.
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Intensity Comparisons for Thola: (hkO) Data

arred
100 0 0
10 0 0
0 0
210 281 €0
300 180 60
220 660 100
310 34 0
400 44 20
320 32 10
410 85 15
500 767 60
330 2010 160
420 31 0
510 27 10
600 24 5
430 121 20
520 165 60
440 gﬁg 10
530
700 28] 15
620 838 100
540 248 40
630 77 15
800 4 15
720 " 5
810 77 10
550 2610 160
640 12 0
730 42 o
900 1190 90
= = -
910 ~ 70
740 412 20
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Table 12

Intensity Comparisons for ‘I'h,? Mg: (hcl) Data

Indices Caloulated Ubserved
101 3 o
111 0 0
201, 17 47
211 320 341
301 231 282
22 0 2
311 2 73
401 64 83
321 108 53
411 87 74
501 323 424
331 0 0
i1 10 0
511 43 3
601 189 127
431 83 130
571 191 217
611 95 101
443 0 0
531 11.2] 248
701 22
621 628 561
711 15 o
541 220 213
631 284 144
801 241 75
721 38 g2
a1 17 26
551 0 0
641 40 54
731 1116 360
901 23 e
821 712 164

7




Table 13
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| . S

Atom

: 76
Thy 2 Pe 2489 |
| 73
Pa 2,90
2
-, Fe55 «39
2 Ty 3
2 Fe 2.91 «70
" 3.43 &
: mzx . 39
3.70 .
1 Thyyy 3 ;
2 Th 3.76 |
. : 58
Theyy 3 Fe 2.96
3 My 3.70
Fe 2 ’5&1 2.89
«73
1 &z 2.90
) »70
2 Thry 2.91 i
. | .5
1% 2.96
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Application of the zons theory

The number of g 8lectrons in the unit cell of the
Thpliy compounds is 90.7 using Pauling's valsnces, 56 using
Hume-Hothery's values, and 84 for the observed values using
Peuling's radii. The radii of the spheres which will just contain
these numbers of electrons are 2.47 a®, 2.17 aw, and 2.40 a®, re-

- gpectively. OSome of the important planes in this structure are the
(220), (500), (330), (620), (710}, (550), (900), (211}, (301), (501),
(621), (731), (102), (202), (322), (532), (802), (652), and (004)
planes. The normal distsnce from the origin to one of these planes
corresponds _ta the radius of a sphere which would be inscriﬁed in-

a gone bounded by these planes. Only the normal to the {500)
boundary gxlm, with the length 2.5 a¥, corresponds o the required
gige of the s@mms.

The volumes of a few possible gones have been calculsted. The
zones bounded by {220) and (004) can contain 96 electrons. The
zones bounded by the (202) planes can hold 93.3 elsctrons. The
volumes of other simple zones which have been caleulated are not
at all suitable. |

Conclusions

1. The structure of the Thelly compounds, where M is Fe,
Co, or M, has been determined. |

2. The structure has been considered from the viewpoint of
the theories of metals. Pauling's suggestions concerning the
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valence and metallie radii seem t¢ be consistent with this strueture.

Summary

The wnit cell dimensions and structure of the isestructural
compounds, ThoFe,, ThyCoy, md ThoNij, have been determined. The
dimensions of the hexagonal mnit csll of %?ag are & = 9.85 A.,

= 6.15 Ao of Thnbog 2 =9.83 b., g 26.17 Aug of Thliiy & =
9.86 ., ¢ = 6.23 A+ The stomic positions may be described on the
basis of ;msitiom of space group va with the astome in the following
positions:

6 Thy at x,2x,3; 2W,%,3; X,E,8; %,x,3 485 i,ﬁx,%-m;
2x,%,3+ 85 with x =a.12§ and g =0.250,

6 Thy; at the same positions with x = 0.544 and z = 0.03,
64  at the same positions with x = 0.815 and g =0.31,
2 Thyp; b 1/3 2/3,25 2/3,1/3,1/2+3; with z =0.06,
The structure is discussed from the viewpoint of the theory
of metals.



THE STRUCTURES OF U,05 and U0
“Introduction

Barly in the history of the X-ray diffraction method,
‘homassen {19) investigsted the minersls which had

_mewamg« and
been found to contain uranium. As 8 result of these X-ray diffrac-
tion studies, «w&% were sble to report characteristic X-ray diagrams
for U0, and T3040 They found, however, that UO3, prepared by oxida~
tion of the minerals or by decomposition of uranyl nitrate, produced
such broad diffraction maxima that they considered ﬁw amorphous.
Goldschmidt and Thomassen reported that UQ, wes isostructural with

_ the CaF, structure. The unit cell dimensions of the face-centered
cubie wnit for oxides obtained from several mineral sources ranged
from 5.45 to 5.48 A. Van Arkel (20) later reported a valus of 5.49 A.
and Schoep and Billiet (21) found the wnit cell dimensions to be

5.:48 A Beither the unit cell nor the structure of ﬁwmm or U0; was
reported by any of these investigstors.

The vapor pressure of oxygen in equilibrium with the ursnium
oxides and the density of the oxides throughout the range from a@w
to U0, were studied theroughly by Bilts and Muller (22), They
found that the U0, phase extended up to sbout U0y 5. Another one
phase area extended from Uls.42 to T3, awa lower limit of this
latter region depended upon the temperature st which the vepor
pressure studies were made. UO; and Us0g had equilibrium pressures
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of oxygen in the neighborhood of an atmosphere at 1100° CG.3 the
vapor pressure, howsver, fell rapidly to a constant value of only

a few mimmmrs at 'ﬁ%’ 62+ Biltz and Muller confirmed the results
of their vapor pressure studies by X-rey disgrams, but they did not
report any structural determination of the Uj0q to U0 phase.

Lyden (23) heated U30g, KHCO;, and water in a sealed system.

The oxide residue which rasaltec; was found to have the composition
62@5. He also did not report any X-ray data.

Ho further work was performed on the uranium~-oxygen system until
the Manhattan Projeet demanded a complete knowledge of the chemistry
of uranium. The uranium-oxygen system was sgain investlgated using
the X-ray diffraction method, Pedersgsni and Rosenbaum (24) reported
more pmisq values of the wnit ee}.}. dimaima of B0, as 8 = 54678+
.0005 A. Rundle et al. (25) reported almost identical unit cell di~
mensions (2 =5.4691 *.0005 A.). Zacharissen (26) reported unit cell
dimensions and possible structures for several a:ry‘stalline forme of
UG, and a pesudo unit cell for U0y, He also demonstrated a possible
relationship between the U0 and the W0y structures.

The region between UD, and mj vas alse igwest.igsted by the
J-ray diffraction method by Rundle et al. (25). The uranium oxide
samples in this region were preparsd by mixing appropriate amounts
of U0, and Us0g or Us0g and W3 and heating them in sesled quarts
tubes until equilibrium had been attained. The X-ray diasgrams from
these samples confirmed the solubility of oxygen in uranium dioxide



48

up to approximately U0y 55 as noted by Bilts and kuller.
Samples with larger amounts of oxygen contained & new phese.
The pﬂsiﬂéns of the lines of the new phsse in the diffraction
diagrams changed gradually to those characteristic of 5363 and
then to those of @33 gs samples with increasing oxygen content were
examined, It was obvious from the diffraction diagrams that the
53@8 structure was not the limiting structure of the one phase area
but only one occurring in the transition from the limiting structure
to %3. In this investigation the psw&o cell of U30g found by
Zacharissen was also confirmed. JIn addition, the true wmit cell,
bagsed on the pseudo wnit, was determined by powder diagrsms.
Recently, Gronvold (27) has reported the results of oxidation
studies made on ‘*’32"2 He also has ao:;fimﬁ the solubility of oxygen
in W, up to WO, 343 and has found that the density increases in
sccordance with the results of Bilts and Wuller. A tetragonal phase,
closely related to U0y was found for compositions between U0, 5, and
higher oxides. He also reported a pseudo wnit cell for EBQB and
possible atomic positions which agree with those of Zachariasen.
Jolibois (28) in oxidation studies of U0, has reported the prepara~

tion of U30, or U0y, 33, but does not report its structure.

The Determinstion of the Limit of the ne Phase Area

It wae noted that the UQ, maxima occurred in powder diagrams
of the oxide prepared by mixing en equel number of moles of U0, and
U305 and heating them to 1100° C. in & sealed system. The intensities
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of the 3@2 maxima were much wesker than those of the Hzﬁsnliks phage.
In order to determine the relstive smownt of UQ,y which was present, a
series of standard mixtures of UO, and Uy0y were prepared. These oxide
mixtures were vaxmuiﬁad in the unfired condition. The seaple with a
ratio of eight moles of %}3% to one mole of U0y produced an X-ray dia-
gram in which the ratio of the line intensities of the ﬁé}z phase to
those of the U;0q-1ike phase appesred to be the same 2s thet from the
mixture of overall composition 3265.. From the aquation,

8 Wyt Wazs = 900, 5,
the composition of the U0 -like phase was found to be U0, 53, If the
solubility limit of Gronvold is used,

8 U0y + Wy 5, = 9 ﬁi}z‘s,
the composition of the phass is found to be Wy 44.

This determination is subject to the limitation that the UQ,

phase might have been coating the U0, ,; phase and cutting down the
intensity by sbsorption. On the other hand, the reaction between

Ui

62.25 and x may not have been completed.

Zachariesen (26) has reported a simple hexagonal wmit cell for
one form of U03. The unit cell dimensions are a = 3.971 X.004 A.,
¢ = 4.168 T .008 &. The uranium atoms m at the corners of the umit
cell; the three oxygen atoms are at (004) and £(1/3,2/3,u) with u =0.17.
The mB structure msay also be described using an end-centered
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orthorhombic unit cell in which the ratlc of the lengih of the a

axis to the length of the b axis is V3. This relationship is shown

in figure 4. This snd~centered orthorhombie unit cell now has two
uranium atoms per ‘wnit cell at (000) and (320). The unit cell dimensions
are given in table 15.

The pseudo wnit cell of U,0g reported by Zachariasen is also
orthorhombic with dimensions very similar to the orthorhombic wmnit esll
for U0y, (See tsble 15). Again, the uranium atom positions are at
(000) and (ﬁe}. The trus wnit cell dimensions for U;0, result upen
tripling the b axis of the pseudo unit. The relationship between this
mit end thet of 10, 1s shomn in figure 5.

Table 15

Pseudo Unit Cell Dimensions of 003, U;0g and U0,
{in Angstroms)

onpownd . b e

w, 6.878 £.007  3.971 t.004 4.168 *.008
U30, 6.71 3.99 4015
U0 6.734 3.964 4.143

in effort was made to index the maxima in the powder diagrams of
the 13265 phase since the diagrams appeared similar to those of HBGQ.
Again, & pseudo m.i‘h -eell was found which is orthorhombiec; the dimensions
are given in table 15. The wesk maxima, however, could not be explained

by tripling the b axis as for ﬁgagb
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Preparation of U205 Single Crystals

Fortunstely, the structure determination of 3265 did not have to
depend upon data from powder éiagrm' alone. As the result of decompogi-
tion of U001y st 900° in a quertsz vessel, a mixture of UpOs and U0y 5
was formed in which meny single crystals of Ug0g could be found, as well
88 occasional erystals of U0y, 25+ The single crystals were needle-~like
with & cross-section in the shape of & parsllelogram with an obtuse
angle of spproximately 120°. Some of the needles were powdered and
examined by the powder method., The diagrams from this material corres-
ponded exactly with those of Uy05 made from U0, and U30p as éeaerim

previously.

X-ray Diffraction Data

Experimental methods

Eﬁuimt. The powder disgrams were prepared in a powder cameras
of 5473 em. redius with the film mounted in the Straumsnis fashion and
in an unsymmetrical self-focussing powder camsra with a 10 em. radius.
The latter camera possesses very high dispersion which ensbled the com-
plex powder diagrams of the 33*{33«-@13.1@ phases to be interpreted. The
single crystal diagrams of U,05 were prepered in z Woissenberg camsra
of 2.836 cm. radius.

Source of X-rays. Nickel filtered copper characteristic K
radiation was used for the powder and éiﬁgla erystal investigations.

Intensity determination snd correction. The intensities of the
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adjusted for this sffect, The absorption factor for these reflections
was by far the moet important correction &s the rotstion axis wes
perpandicular to the needls axis. The integrals Veyijhez% P is
the lineer sbsorpticn coefficient, and S is the length of path of the
X-rays in the crystal in scattering from the elemental volume dV, were
ealculated for all reflections. In order to reduce the labor of calcu-
lation, the general forms of the integrels were first calculated and
simplified by dropping all terms which it sppeared would be insignificent.
For most of the reflections this approximation seems to be Justifisd. A
fow of the reflections, however, still are not adequately corrected.

The sbsorption factor for (0Okl) reflections whers k is less than sixteen
apparsntly is still too high,

Unit cell dimemsions of U0

The single erystals of U;0; wers examined by the Weissenberg method.
Eﬂms film disgrams were teken with the cryetal rotating sbout the 3,
b, and ¢ axes. From the disgrams it was clear that the true unit cell
sorresponded to doubling the pseudo cell's ¢ axis d multiplying the
pseudo cell's b axis by eight. (See figure 6.) The true unit cell di-
mensions, calculsted from the pseudo cell dimensions obtained from
powder diagrams, are, then, & = 6,73+ .0z &., b = 31.71 2 .1 A,,

e = 8.9 £ .02 & | (The deseription of the axes has been changed from
that in reference 25 to show the relationship to the maganélr wit
cell of U04.)

The X-ray density calculated with %hirty-m uranium stoms and
consequently eighty oxygen atoms per wnit cell is 8.35 gfee. Bilts and
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to be used. A list of positions availsble in the space groups is given
in table 16, Only the general positions are listed and the sxes have
been transformed from those in the "Internationale Tabsllen fur
Bestimmung von Kristrellstrukturen® (29) to agree with the choice of
axes olready made.

These positions mey be subdivided by considering only the positions
in the (x,y) plane. The positions then resolve into those designated by
A, B, C etc. There are only five lypes of eight~fold positions. Of
these five types, three, B, D, B, reduce to four-fold positions before
being applicable to this sté%‘h&rg. Por each value of y, there sre
four positions given in these eighl-fold sets, whereas the “ideal®
structure calls for only two such positions. These positions as well
as all of the other four~fold positions availsble in the lower space
groups do not need to be considered unless the eight-fold positions
remaining fall to provide a suitable structure.

The determination of the x and y perameters

The *idesl® x md ¥y parameters for the sight-fold positions A

ars
x y
1/4 1/32
3/4 3/32
1/4 5/32

3/4 7/32
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and for positions C

x y
1/2 1/16
0 1/8
1/2 3/16
0 1/4 and 0 1/2 (four-fold positions).

(Parameterless four-fold positions are available in Dpp.)

A Patterson 2 projection was made using (OkO) deta by evelusting

the formuls, 2 Tiky

o(y) = %?2 (ko) ° .

From this projection it appesred that the parsmeters would be shifted
from 0.125 to 0.122 or 0.128, from 0.0625 to 0.065 or 0.060, and from
10.1875 to 0,190 or 0,185 for positions . By trial and error the come
bination 0.060, 0.128, and 0.185 or 0.065, 0.122 and 0.190 togather
with the paremeterless y positions were found to explain the intensities
of the (0kO) reflections. A Fourier projection was made using the ob~-
served E‘(aka) data and the signs determined by calculation on the basis
of the ;:aa;tism sbove. The evaluation of the formula, p(y) 2{3 (0k0)
-2 Tiky B
@ » led to the peramster values 0.060, 0.129 and 0.184.

A Patterson projection using (hk0) data according to the formula,
pix,y) = £E¥° (o) © 2rilexeky)
pected if the atoms were in their "ideal” positions. The pesks at 1/16,

s gave peaks at the points ex~

1/8, and 1/4 of b extended in the x direction, however.
By trial and error it was found that @ suitable combination of
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the parameters would be the following?

x y
0.53 0.060
0.98 0.129
0.50 0.184
0.03 0.250

together with the parameterless four-fold position. These values were
used in caloulating ¥ values for the (hk0) reflections. The signs of the
caleulated F's were used with the observed F's in earrying out a Fourler
summation of the data. The values of the X and y parameters found by

this method ares

x ¥
0.539 0.0591
0.988 0.1295
0.508 0.1841
0.047 0.2500
0.000 0.0000.

Possible values for the (x,y) perameters were found for the eight-
fold positions, 4, by trial and error. Agsin, & Fourier projection
glong a line was made using (OkO) data. The parameters obtained in this
menner, 0.036, 0.092, 0.154 and 0.222, were used in a further trial and

error procedure to determine the x parameters. The aspproximate sets of
| x and y parsmeters which were found to give rough agreement with the ob-
served amplitudes were the following:

x ¥
0.270 0.036
0.750 0.092



Table 16

General Positions Available for the Structure

o o P

Fo
W oW oM oW oM ow > oo ow b

I

XYE3 iﬁ%*gx irx,3-7085 3-%3evd-83 x,¥%-33
E,Ts8; BrX,E-Fok +25 £ -X3+ 7,53 :

xye; Xye3 Xys; Wi drx,Rnies; R-x0d-s dexy,deos;
%‘fx’}'ﬁ ' B3

3 Xyms x’giag v5; Xyd-5 XE-yE Kirnd-s
X, B-VsT +%5 Xy5+¥s55

xyx; Xyms xyE; Xys; 3+x3-¥,%3 E-x,447.% R4x,%-y,5;
F-X,3+7,%3

xys; Xyss wE; Xz dexdr 3-xye dexT,s;

% - X785

Xys; XyR; XyB; XyB; X 5-Y,85 Kbt ¥,83 X,3-¥,%3
iﬁ%“‘?&’i :

xys3 KB XiE; XVE} XY, -8 X,7,3 e X7, +s;
xﬁ’x%-*l

xyz; W xysy Xyv; xyd; Xw ays; Xyw;
sy 34x,4-3,8 F-%5,% 85 Hivy,d-s;
xys; 3+x,Fk -85 3-X,3+ 7,8 Xd-yden;
xys; w3 Rexd-vEs Rx,4+7,8

xysp XyE; exFd -8 X734 55

xys; X3 E,%’r?:%_wz: Xad-yoh -5

ey Ny,heu W KYd s

xyss X,¥o% 83 Xys; XT,E-%

xys; Xys3 % +X,7,85 #-x,7,8;

xys; Eyz; 3 +x,7,83 - x,5,%3
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Table 16

(Continued)

Positions

2 & xys;  XyE; R+ ¥R Kieys;

¢ Xys;  Xys;  X,i-7,8 X3+ 7,%;
n% E xys;  Xysy xys; XyE;
§§, A xye3 X3k +85  Eexd-yadess d-xdev,m
sgv A Xy53 xys; b x,3-y,s; % - %,k +y,83
ﬁz, B xysy  Xysy  F+xF.i+ss E-x,F,hes;

I o Wi denFios Rexgdes;
¢ © xyz3 EK5Evss xd-ydesy Xgey.ss
3, D xys;  xyE; Brx,F.85 E-x,,83

¢ XyE;  Xys; X3 -¥,85  EE¥,m3

3 Xy55  X¥E; X2-7,85 XKE+7,83

K e W b-xyss ey

L Cam mE nnieoss 4R

¥ xyz;  xyE; XV.k-8 XYt
G5y B TR S X TR TR S X SPTRINE YA

E Xyz} xy%; X,¥,5 +23 X,¥,% +%3

] xye;  XyRs; X%E+3,85 X3+3,5

I xyz;  xyRs 45,585 §ex,5,85

0 xys;  xyE;  XE+y,8 XEry,m
c:év E Xys;  Xys;  XyE;  Xysj
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Table 17
Amplitude Comparisons for Uz0s: (hkO) Data
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Table 17
{Continued)
Indices | Calculated F ‘ Observed P
Poaitions A Positions C

| 7 1 0
3,11,0 14 1 0
3,12,0 7 10 0
3,13,0 7% 77 63
3,14,0 65 64 66
3,15,0 24 15 0
3,16,0 0 4 0
3,18,0 31 30 37
3,19,0 54 53 &7
3520,0 9 5 0
3,21,0 1 1 0
3,22,0 2 2 0
3,23,0 56 50 50
342450 170 171 190
3,25,0 9 30 o
3,26,0 1 4 0
3,27,0 b § 1 0
3,28,0 1 2 0
3529,@ 58 59 &4
3,30,0 & :5 ] 62
3,31,0 20 13 30
3,32,0 1 é 0
3,33,0 11 F 3 o
3534,0 55 57 64
3, 35,0 33 31 16
3,36,0 23 3 %
3,37,0 5 4 4]
3,38,0 2 1 3]

420 5 1 0
Py 14 13 0
440 11 16 0
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Table 17
{Contimed)

Indices Caleoulated ¥ Observed F
Positions A Poeitions C
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Table 17
{Continued)

it

Indices Caleulated ¥ © (bgerved F
Positions A Positions C
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Table 17

{Continued)

Indices

; Caleulated
Pouitions A

¥
Positions C

Observed F
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Table 17
{Continued)

Indices Caleulated F Observed ¥
Positions A Positions C
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Table 18

Relationship between Structures Based on 4 ard €

0.684)

0.000

Positions A% Positions C Deviation
x ¥ x y x y
0.532  0.4414 0,539  0.4409 0,007  0.0005
0.968 0.371 0.988 0.3705 0,020 0.0005
0,032  0.871 0.012  0.8705 0,020  0,0005
0.468  0.9414 0.461  0.9409 0.007  0.0005
0.995  O.49%2 0.000  0.500 0,005  0.,0018
0.505 0,505  0.3159 0,000  0.0017
0,495 0.495  0.8159 0.000  0.0017
0,005 0.000  0.000 0.005  0.0018
0u457 0u461  0.5591 0,004  0.0017
04043 > 0.047  0.250 0.004  0.0016
0.957  0.7516 0.953  0.750  0.004  0.0016
0.543 0608 0.539  0.0591  0.006  0.0017
0.995  0.6289 0,012  0.6295 0,017  0.0006
0.505  0.1835 0,505  0.1841 0,000  0.0014
0,005  0.1285 68 0.1295 0,017 0,001
0,495  0.6835 04495 0.0006

#0.250 has been added to the X and 0.4062 has been
added to the y coordinates.
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Fig. 7.

Fig. 8«

Projection of the U0 structure on (00l)~—A arrm i
{The solid circles are urenium atomsj the open eimles
are oxygen atoms 8s in UO3. The numbers refer to the

& coardinates in twelfths.)

Frojection of the 33@5 structure on (00l)~~C arrangement.
{(The golid circles are uranium atoms; the open eircles
are oxygen atoms as in UO3. The numbers refer to the

% coordinates in sixths.)
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The determination of the z parameters

The determination of the g parameters is difficult because of the
uncertainty introduced by the absorption factor. Assuming, however, that
either arrangement A or ¢ is possible for the (x,y) plane, there are only
two sets of (y,z) positions available in the eighi~fold positions. The

positions are listed balow,

16
Do A y,3; y,éw., ~¥s35 F+7,4-%3
FsE3 ¥ + Y52} ~Fszt+ B}

5’% ¢ Seame positions as sbove

Eg & v, Exii 3+ Y%} T¥s%}
Y23 ¥,%; ~ VB3 T V%

ﬁgh C Seme positions ss sbove.

The first set of positions requires that the ideal parameter value
of z must be geTo or ons-half. The sscond set requires the ideal para-
meter values to be one-quarter or three-gqusrters. The decision among
the four possible arrangements was made on the basis of a systematie
trial and error procsdure to determine the psrameters. Parameters could
be found for arrangements in 1332’3? and Dsgh which would satisfy the in-
tensily data. The valuss of the parameters whieh were used in the in~
tensity comparisons in tsble 19 are listed below.

3t D3y

¥ % ¥ 1

0.0345 0.013 0.0592 0.259
0.0915 0.993 0.129 0.244
0.1546 0.995 0.1841 0.238
0.2227 | 0.016 0.2500 0.265

0.0000 0.220
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Table 19
{Continued)

Indices Caleulated
Pogitions A Positions C
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Table 19
{Continued)
Indices Caloulated Observed
Positions & Pogitione G
0,12,5 4] 0 4]
0,14, 5 2 1 0
9,3.6;,5 2 4 0
0,29,5 1 0 4]
0,22,5 19 65 50
0,24,5 2 5 0
0,26, 5 60 98 120
0,28,5 4 22 40
9’3‘3;5 4 25 30
0,32,5 80 35 200
043455 20 13 o
o6 0 3 0
046 4] 9 0
066 6 0 o
086 0 4 o
a,m,& 13 35 0
0,12,6 2 5 0
0,14,6 0 2 0
0,16,6 450 400 430
0,18,6 Q 5] 0
0,20,6 & 1 14
0,22,6 56 46
0;24,6 <] 4 0
0,26,6 170 325 350
0,28,6 a1 4 0
0,30,6 8 23 o
0,32,6 3390 3210 2500
o7 1 2 3]
047 0 2 0
087 2 6 0
0,10,7 49 101 0
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Fige 9 Projection of the U,05 strusture on (m)—a%ﬁ arrangement.
, mmmmaammam;memaixvles

, mmgmatmsasmﬁ% The numbers refer to the
X 00 ;_f'am in smm.)

ENCINON NN NN O
2 @z O O i
1) 4
|
DD OPO QOROPODO Pee
D g ¢ Q P
x > |
DN AN o AN A o VANV
\-’U\/\J\/\/U\/\JUU\J\J\J\/U_\V
| 3L71A

|

Fig. 10. Projection of the Un0: structure on (lea)-—-ﬁg ‘arrsngement.
P {The solid circles % uranium atoms; the w&g circles

are oxygen atoms &s in The numbers refer to the
g&aer&imt«ﬁaaixﬂw%
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The calculsted intensities of the (0.28, {) end (0,36 4) reflections
mey be improved by chsnging the y parameters 0.1546 to 0.154 and 0.2227
to 0.222. Certainly, & mejor portion of the discrepancies between the
caleulated and observed intensities which remein could be due to the
epproximate absorption correction. Projections of the arrangements on
the (y,z) plane are shown in figures 9 and 10.

The intensities of the diffraction maxima which are observed indi-
cate strongly that the wranium atoms are only slightly removed from
their original positions in the U0y structure. If one also sssumes
that a few oxygen atoms have been removed, thet the remaining oxygen
atoms have moved slightly from thelr peositions in ’5@3 s and that the
positions describing the oxygen positions in 32535 could also describe
thazé (with different parameters) in UO,, then, space groups of much
lower symmelry must be chosen. The %3 structure does not possess &
mirror plane perpendicular to the unique axis. If one arbitrarily
chooses & unit cell ef the siwe and shape of %05 in the U405 structure,
then the symmetry of this unit cell is much lower than the hexagonal
symstry of the simplest U0, unit cell. Tgis }érgar wnit cell, possesses
only en’ajm-—fnld sxis with a mirror or glide plane normal to the two-
fold axis .fha highest possible space group which can describe both
the urmin;and oxygen atom positions is G’%};‘.

By en sppropriate choios of parsmeters for the positions in space
group G%h, it is possible to place the uranium stoms in exactly the same
positions as in space group D3p. In addition, the ideal positions of
oxygen atoms may be described in sets of four-fold psasit:}.ans.} Of course,
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the uranium atoms could be plaeed in positions of lower symmetry
in this space group, but there has been no apparent evidence requiring
this possibility. Furthermore, uranium positions in the ﬁé and C,y

space groups have not been considered since those in 552&1 appear to be

satisfectory.
The Structure of tsaas
i-ray data

Powder diagrams of §3€}$ were taken on the wnsymmetrical self-
focussing powder cemera. Iits high dispersion snabled the complex
dimgrams to be resolved and the true wnit cell described previously to
be determined.

The intensgities of the diffraction maxima were measured using an
Esstman visual densitometer. The intensity mesasurements were complicated
by the fact that the Kx, and K«.separations were large enough that
maxime from different planes overlapped. It was also difficult to ob-
tain true background resdings since some of the weak reflections caused
the background to vary. The calculeted intensities were found by the
formula

I K< FPsl.
Since many of the factors depending on © have been omitted, only ad-

Jacent reflections should be compared,

Structure determination

All the reflections which eppesred on the powder diagrame could be
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indexed using an end-centered orthorhombic cell as described previously.
No other genersl extinctions were observed. A restriction on the end-
centered orthorhombic space groups is made, however, by requiring six
uranium positions in the unit cell, As a result, only four orthorhombic
spsce groups have the requisite positions. These space groups and their
two-end four-fold positions are listed in tabls 20.

Since the pseudo unit cell has been expanded along the b direction,
it is reasonable to expsct a y parameter in the positions for the uranium
atoms. This appears to be verified by the intensity data. Moreover,
the intensity data seem to require a parameter in the x direction. For
this reascn it was necessary toc use the positions in space group cg‘i:.
The intensities were caleulated for uranium atoms in the following
positionss:

(add 000, %30 to all positions)
20at x*00
LUst xy0O 70,
The structure factor, ?2, for these positions is

f% [1 +4 cos 2Th{(x? -~ x)eos 27Tky + 4 easz

27ky] .

This factor was evaluated for values of x' - x of 0.00, 0.02, and
0.04 and for the y values of 0.30, 0.31, 0.32, 0.333, 0.347, 0.357,

and 0.367 for all the possible reflactions. From this it appesared that
suitable values of the parameters were x' - x=0.04, y = 0.326. The
intensities calculated on this basis are compared with the observed
values in table 21, The agreement betwesn sdjacent reflections sppears
to be goods 4 projection of the U30g structure on the (x,y) plane is

shown in figure 11, .
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Table 21
Intensity Comparisons for U30g

Indices sin? @ (x 104) | Intengities

Caleulated Observed Calcvlated (F2M) Observed

150 1170 173 45 45
240 1191 1192 57 45
310 1228 1226 103 90
A -
241 1536 9

022 1547 5

o ggg] 1556 20
31 1574 1591 120
061 1840 1840 720
132 1887 1885 1190
2 o,
260 2022 700
042 2045

222 2074 2069 17
400 2110 2102 310
170 2166 2163 63
350 2225 2219 84
420 2276 2268 9
261 2367 2365
401 2455 2452 430
171 2511 2510 39
152 2551

242 2572 2566 170
351 2570

g m 2610 200
080 2657

440 2774 2764 13
062 2876 2875 430




Indices

SinR @ (x 104) gities
) , Gnkahtad ( ) Obaerved
332 2942 2939 2370 640
o - ;
A1 3:&19] 310 216] 220
280 3184 3180 77 24
23 e B ¥ 2
113 3232] 3275 ,m] 24
510 3339 3329 184 44
262 3403 3406 2360 710
402 34917 o 1000]
190 3495 3493 1110) 590
281 3529 146]
172 3547 3547 106 n
m 3566 162
133 3614 3614 2450 540
203 3635 1190
422 3657] 307
530 3671 3666 836 300
511 2684 347,
043 3772 15
223 3801 85
191 3840 3842 2080 310
461 3950 3949 1790 270
531 4016 4013 1620
a2 4155, 4146 187 10
153 4278 56
b peia 129
550 4335] o 252] 30
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(Continued)

Indices

mﬁ%&é’ ' red

Inten

ties

Caloulated (F°M) Observed

0,10,1 4497 107

390 4550 4548 870 160
2,10,0 4679 4670 95| 410
551 4680] 487, ‘
512 20 306] 5
600 a1 wae 315 .
480 4767 198]

b} 16 1836

3;”;- % 4874 12% 440
620 4913 254

462 4986 4985 1570 170
asmtl 5&4 p 2273

532 5052 5054 1430 260
s a2 383

263 5130 5132 1890 240
1,11,0 5156 69

) b

353 5333 5324 7 20
423 538, 5384 246 10
640 5411 152
éﬁi‘éﬁ% ggg% 1%5

5056 y sﬂs] 5528 4%] 110
571 5676 5678 197 10
024 5691 3

14 5699 1
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Table 21
(Continued)
Indices 8in2 @ lﬂ‘) Intengities
Calculated Observed Calculated (F<i) Observed
314 6754 101
533 6179 6780 1230 120
711 681.8] 6852 438 100
2,12,1 6851 1280
591 7005 699 1050 100
06, 7020 7026 821 80
334 7086 7088 1500 180
1;13,0 7349 : 70
’?31 7319 7176 800 90
0,10,3 7260 7262 83 10
regszg,z gzg;z 7363 700 60
750 ?1.99] 7495 325 40
264 7547 7550 1550 200
b ?535] 7625 é5’7] 140
4,10,2 7643 | 162
393 7658 7661 1290 140
354 '2?5@] 7750 16 30
2,10,3 7787 142
424 7801 202
751 7844 624
603 7855 7844 483 100
483 7875 303
712 ?584] 7885 4@3] 140
7887 127G

2,12,2
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Fige 11. The projection of the Us0g structure on (001).
(The solid cirecles are aranium atoms; the open
circles are oxygen atoms as in U0y The num-
bers refer to the g coordinates iR sixths.)
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Again, as in 9’285, it is neocessary to rely on & monoclinic space growp
to place the oxygen atoms if thay are to have positions almost identical
to those in Hﬁz. Either space group ﬁ%h or @2 is possible; the latter
is preferable, since it provides identical uranium positions to those in
b
czv.

Dlscussion of the Structures

The relstion between 132_65 and U0

v & possible relationship betwsen the ?32{}5 and H388 mit cells

was observed as the result of single crystal rotation diagrams teken
with the axis of rotation normal to the needle axis. If the axis of
rotation is nam&i'&e the plane (130), then, the rotation diagrem has

a complax system of layer lines. The layer lines, 0, 16, and 32 avre
cbserved strong; the layer lines 1, 5, 6, 10, 11, 15, 17, 21, 22, 26,
27, 31, and 33 ere wesk. Thus, at first glence it would sppear that the
unit eell dimension of the el pseudo cell was only tripled. Since ths
unit cell found for U0, appears to have one pseuds cell dimension
tripled, it is probable that the ‘\"ITB@E unit cell is chosen at a rotation

o
of 60 from the Uy05 mite This relationship is indicated in figure 12.

Ih8 oxygen positions

Tks oxygen positions in the U30g and ﬁg% structures can be dew
- termined only by inference from the shift of the wranium atoms. This
is a difficult task, #nd the results camnot be upheld with much confi-
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dence. The relationship between the unii cells of Usdg and 82%
would indicate thst for each oxygen vacsney in 33{}3 there would bs two
in Bzﬁﬁf sbove one enother in the ¢ directlion. In addition, other oxygen
atoms must ba removed producing the kghif% in uranium atom positions which
requires the larger unit cell, Therefore, it would be sppropriate to
consider 33(}8 first.
The 23633 oxygen positions in the %53{}8 wiit cell may be deseribed
on the basis of the monmoclinic space group, Og. In order tc achidve
the composition Uj0g, two oxygen atoms must dissppear. The only two=-
fold positions for ﬁxygmfﬁtw which can be removed sre the uranyl
oxygen atom positions valmg the ¢ exis between the uranium atoms lagzmd
at the corners and center of the wnit cell. Their removal would leave
the structure with twe uranyl uraniums to one uranous uranium atom.
Apperently, these ssme oxygen vacancies do not remain in the 21235
structurs. At least, there does not sppear to be a 'relatiamhig be-
tween the shift in urenium pa&iﬁ:mm in this structure to that in Us0g-
The gz parameters for the uranium atoms at y-=0, 1/4, 1/2, and 3/4, have
shifted to such an extent that apparently one of the uranyl oxygen atoms
must be missing at each of these positions. It is possible that one
uranyl type oxygen atom is also aéiaaing at y = 3/16, 5/16,} 11/16, and
lB/Iaé. The other oxygen atom vacancies are not as easily determined.
Alw, it is not clear whether a total of sixteen oxygen atoms are

missing as would be required for Uy0s,



Figs 12. The relationship between the umit cells
 of T30y and Up0s.
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Summary snd Conclusions

1. The positions of the uranijum stoms have been found for the
phases, U,0, and U30g. The positions sre liated below.
For U504, space group th
80 at x,y,23 X,7,85 X,3-¥,2} X,E2+¥,%3
X,7,85  X,5,2 3 X% - y,5 X, +7,3;
with x=0.539, y=0.0591,2-0,259
8U at the same positions with x -0.988, y-0.1295, 2 =0.244
8U at the same positions wiih x =0.505, y=0.1841, 2 =0.238
40 st x,%,%5 x,4%; X,3/4,%3 X,3/4,33
with x= 0.047, 2= 0,265
LU st 00g; 00%; Ofz; Odzs
with g = 3.22@
For U30q, space group ¢34 (add 000, 330 to all positions)
20 at =00 with x=0
4U at xy0; xy0 with x =0.04, ¥y =0.326.

2. The relationship of the two structures to Wj is discussed.
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The electron multiplier tube. A quite new method involving the

use of the elsctron multiplier tube (33,34,35) has bsen developed. The
photoelsctrons from the interaction of X~rays and a photoemissive metal
provided the source of electrons which were multiplied to a measurable
quantity in the same tube., #Again, this method compares favorsbly with
the earlier ionizstion and Geiger-ifuller methods, but it has been just
as diffiecult to apply to the messurement of single crystal diffraction

waxima.

Heasurement by photographic film

The most useful instrument for recording the intensities has been
the photographie film. The record of a large number of reflections
can be made rapidly and permenently, A large veriety of methods have
been daveloped for the determination of the intensities from the photo-
graphie film. All these methods must rely on the characteristic response
of the photographic film to X-rays,

Film characteristics., It was shown by Bouwers (36) that the darken-

ing, S5, is proportional te ItP, where I is the intensity; &, the time

of sxposure; and p, the Schwaraschild exponent. Bouwsrs found that the

value of p was 0,99* 0,02 or very nesrly one. This has been more recent-

1y confirmed by ¥ilbech (37) and Bell (38). The form of all the darken-

ing versus the logarithm of exposure curves wss explained by the relation
8 = C log (ivpy r1),

where C and T are constants depending on the developing time, tempers-

ture, and the wave length of the X-rays., For short exposures it was

found that the blackening was &ixaétly proportional to the expesure,



??

i.0., the first term in the expansion of log (It4 + 1) or CIt/y .
Bouwers found that this region extended up to an optical density of

0.8. Other investigators found that the region occasionally extended up
to 1 or 1.4 (39,40,41,42).

In more recent measurements by Bell (38) it was found that for
gingle-coated film the dmsity vergus exposure curve was linear wp to
an optical density of 0.7 to 1 depending upon the film type. The density
versus log exposure curve was linear from a density of 3 to 4 or 4.5
where solariszation began. For doubls-coated film, however, the linear
~density-exposure range extendsd up to en optical density of 2. The
extent of the linear region dependsd selely on the film type and the
type of developer. Double-coated non-screen I~ray film of the type
commonly used in X-ray diffraction work was found to have the greatest
range of linearity. |

The blackening of photographic film by X-rays is independent of
wave length for a large range of the Xf-ray spectrum. The most notable
variance found by early workers was at the wave lengths corresponding
to the silver and bromine sbsorption edges. Hore recently, Wilbach (37)
has investigated the effect of long wave length X~rays and has found
that the form of the density versus exposure curve approached that of
visible light as the wave length becawe longer. The change did not
bgmg pronounced until wave lengths greater than 4 A. were used.

Visusl estimation of blackening. The visual method has been used

more extensively than sny other method for estimating intensities for

structure detsrminstion. In general, four methods have been used to
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securscy. Heisel (43) by means of a slit camera, converted the maxime
from the shape of & curved line or spot into straight lines of even
denaity several eentimeters long., This positive was then printed through
a gray wedge, The lines appeared on the print as narrow pesaks. The
heights of the peaks sbove the gnwﬁoﬁﬁw&wna proportional to the ine
tensities.

lokesh (44) mede & series of exposures of varying time on to high
contrast printing papers The printing time necessary to produce darken-
ing in the white esnter of the spot or line on the print was proportion-
al to the intensity.

Astoury (45,46,47) developed 2 method of integrating the intensity
of & spots The bichromated gelatin process which he applied produced
a thickness of film which decrsased with increasing density. By measuring
the number of alpha wﬁ.ﬁﬁun from a congtant source which penetrsated
the film, he was sble to measure the integrated intensity of ths spot.
The process had %o be very closely controlled to produce relisble in-
tensities.

Quite recently Dawton (48) has developed a positive film photometer.
4 print of the I-ray negative was made on a commercial process film so
chogen that the transmittancy versus X-rey expesure curve was linear.
The transmittmey of the whole spct was then messured photoslectrically.
The method was reported to be accurate to within 1 per cent for wesk
reflections, within 5 per cent for medium spots and within much wider
limits for the more intense spots where ths deviation from linesrity

became more important. The method was repid and convenient once the
film and printing process were carefully selscted.



100

Opticel density messurements. Since the relationship of blacken-
ing %o exposure 1& known, & measurement of the optical density suffices
to determine the intensity. If I, is the intensity of the incident
light besm; I, the intensity of the trensmitted light beam, log I /I is

equal to the optical demsiiy or blackening of the film. The measurs-
ment of the light intensity is performed conveniently by & photocell.

The ﬁimphem&ster has been used for the msasurement of the intensity

of Debye-Scherrer lines. This instrument measures and records the opti-
cal dsﬁéi&y at sach point scross a line. The area under the peaks in

the deneity-position curve is proportional to the intensity. 1f necessary,
corrections csn be applied for the non-linsarity of the density-exposure
curve.

The problem of messuring a spot produced by diffrsction from a
single crystal was net'; as essily solved. The time required to make &
large numbsr of microphotometer traces over a spet and to calculate
the Intensity from the data was too large to be profitable. Robinson
(49,50) produced an irngenious photometer which balanced the density at
each point ageinst & grsy wedge printed on the seme film. The density
was balanced st 300 pointe speced 0.1 mm. apart ir a grid over the re-
flection. The movements of the gray wedge were mechanically integrated
to give e value of the integrated intensity. After the spot haé been
properly aligned, the measurement required only five or ten minutes.

The accuracy of this method (about 1 per cent) compared with that of
the ionization t:hémbar nethod over the whole range of Intensities.

Dawton (32) epplied modern telavision equipment in his scan photo-
meter to scan the spot in a fraction of a second. A non-linesr circuit
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(53,54) were the most obvious methods. The sepla toming processes
deposit sulfur as Ag,5. A radioisotope of .aul:mr is availabls, but
the beta partiecle is easily sbsorbed, and the toning solutions are noi
particularly steble. The selenium toner is similar to the sepla toner
in regard to stability and difficulty of getting the radicactive atom
jinte the toning solution. The gold toner deposits gold, but a suitable
radioisotops is lackinge The ferrocysnide toners offer a wide range of
metal ferrocysnides which can be deposited on the film. Any of the in-
soluble ferrccysnides of iron, cobalt, nickel, lead, uranium, etc. are
possible reagents. For most of these, satisfactory radioisotopes are
lecking. However, Goéa is & striking exception. Its half-life is
spproximately five yeara; it emits several strong gamme rays (1.1 MEV
and 1.3 UEV) and & moderately wesk bets ray (0.31 MEV). It is also
evaeilable in specific activities up to 100 millicuries per gram.
Chemical inteasiﬁi&tim methods. The mercury intensifier de-

posits 332312 on the film in its initial step. The ‘mrmn'y isotope,
Hg?03 °F 5 itk s helf life of 51.5 days and an svailsble specific
activity of 11 millicuries per gram is another possible isotope. The
chromium intensifier is wnsuitable because of the radioactive nature
of the chromium isotopes. The silver intensifier using the 225 day
silver isolope may be suitsble; however, the intensifying solutions

are not particulerly stable.

The chemistry of the cobalt toning process

The most promising of sll the methods seemed to be the cobalt
toning process, It fulfilled most of the requiremenis set out sbova,
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creasing hydrochlorie acid concentration up to approximately 1 N,
where the reaction appesred to be complete. Sodium chloride was sub~
stituted for the aydrachiarie acld with no apparent chsnge in the ex-
tent of the reaction. Neutral solutions of cobalious chloride also
reacted completely. |

These experiments in&ic'ate that it is the resction betwsen thse
silver ions in the silver ferrocyanide with the halogen ions of the
toner to produce silver chloride which mskes the resciion proceed rsapid-
ly. Bromides have been reported (54) to be more efficient toning agents
in ths ferrocyenide toning progesses, evidently due to the greater in-
solubility of silver bromide. By a series of dilutions sxperiments it
was found that solutions as low ss 0.005 ¥ of cobaltous chloride or
cobaltous bromide would ra&céb satisfactorily with the silver ferrow
cyanides

‘ﬁm action of the blsaching solutions, A, upon totally blackened
£ilm showed that the aelntiozis bleached more rapldly as the ammonium
hydroxide concentretion was increased. The dissolution of the silver

ferrocyanide was &lso increased.

Preparation of the radioactive toning solutiom,

The small pellstes of metallic cobalt as supplied by the Osk Ridge
Nationsl Laboratory were dissolved in nitric acide The cobaltous nitrate
selution was converted to cobaltous bromide by repested evaporations
with an excess of hydrobromic acid. The solution was finally eveporated
to dryness on & steam bath. This msterial was then diluted with water
to approximately 100 ml. This 100 ml. of golution contained 0.04 grams
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of cobalt and approximstely l.2 millicuries of activity. Earlier
experiments with a diluted cobalt activity had shown that this
activity was necessary to produce a sufficiently high counting rate.
larger activities become difficult to handle because of shielding

problems.

The sctivity from the spots was counted using & thin-walled
(3 mg. per sq. cm.) Victoreen Geiger-Miller counting tube. The pulses
were raecorded by a standard scaling circuit and mechanical counter. The
hard gamsa ray which was present prevenied cownting the spots while still
attached to & large area of film. The spots were punched from the film
base using hand pasper punches outfitted with dies in the shape of swmall
circles and rectangles. The smallest circle and rectangle each had an
area of approximately 6.918 emz The next smallsst circular and rectengu-
lar aress which could be obtained were 0.095 cn® The backgroumd was de-
termined by punching out an area on the {llm adjamcent to the single
erystel spot. The punchings were mounted on & lead disk on a counter
shelf which could be plaged at various horigontal levels beneath the
counting tube window.

The geometry of the samples with respect to the counting tube
window was very reproducible, In all tests which were made, the geo-~
metrical error was much less then the statistical error in counting.
Even when the punchings were arbitrarily displaced seversl millimeters
from their usual position, no chenge in the counting rate could be de-
tected,
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The counting error due to the ®dead” time of the counting tube

was corrected when necessary by the formula,
N/ (L - b)) = Hipye,

where Hi,., is the true counting rate, N is the counting rate observed,
and © is the dead time of the counter.

It would be desirable to be abla to meke an instantaneous reading
" of the activity of the spot. Since radicactive decay is statistical
in nature, the accuracy depends on the total number of counts recorded.
The time involved to mske the measurement then depends directly on the
sccuracy desired snd the intensity of the spets In &ll csses, & minimum
of 12,000 counts were recorded. This reduces the standard error to

approximately 0,9 per cent of ths total count.

Determination of the @timm ﬁming g;*m@sdm

Preparation of standard spots. A standard set of spots was pre-
pared upon which to test the conditiona of the toning process. The
spots were formed by exposing film to an X-ray beam with a brass plate
containing eight holes interposed between the film end the X~ray source.
The film, contained in s black paper envelope, was plaeced tightly
against the brass plate. The holes (0.04 in. in dliameter) in the plate
ware spaced so that sn eight #‘m;: sector could producd & series of
eight spots in which the intensities varied as 1, 2, 4, 8, 16, 32, 64,
and 128, The sector, multiple pin-hole system and film-holder were
placed five feet from the targs# of 2 selferectifying gas type X-ray
tube.
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Table 22
{Continued)

Spot no. Experiment 1 Experiment II

1,046 ~ 1.038
g8 939 943

The results of two determinstions, each an average of twe counts of
approximately 10,000 counts, iﬁ shown in table 22, These intensity
ratios enabled the variasnce in the size of the holes ia the brass plate
and in the X~ray besam intensity to be corrected.

Determination of cobalt toning time. A series of fllms each
recelving approximately the same exposure {optical density = 1.7) were
prepared. Two of ths elght spots on each film were toned simultaneous-
ly and served as control spots for the experiments. 8ince the ratio
of their ixzt»@aity to the other spots was known from sbove, the in-
equality of exposure from film te fila could be corrected. The re-
maining six am’w; all given the same bleaching treatment as ahws;
were toned for periods of fii’taan; thirty, and sixty minutes. It was
found that at the end of fifteen minutes the toning was 96 per cent
completed and totally completed at the end of thirty minutes. Thus,
for any taaing period over & half hour there is no change in activity.
Determination of blesching conditions. The bleaching solutions
were tested both for time of ’hla&e}img snd the composition of the bleach

using the same method for control of the experiment as before. The
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films were bleached in bleach X for 5, 10, 15, 30 and 60 minutes or
in bleach Y for 5, 10, 20, and 40 minutes. All films were toned in
the cobalt solutien

Blesach X Blesch Y
5¢g Kgfé (cH), 5g EgFe(CR)g
100 ml water 100 ml water
10 drops NH,OH 10 ml NH e

for 30 minutes. The bleaching action of X appeared to be complete at
the end of five minutes, and the activity of the spots did not vary for
bleaching times up to one hour. The bleaching action of ¥ was not only
c@mylata'at the end of five minubes, but it hed reduced the background
counting rate dus to chemical fog from 1300 counts per minute to 120
ecounts per minute. In addi.tian s it removed 20 per cent of the silver
in the spot as indicated by the lower counting rate. At the end of forty
minutes 67 per cent of the silver in the yspat had been removed. Thus,
the NH,OH in bleach Y acts as @ cutting reducer snd bleach Y is wn-
satisfactory unless used for a2 period less then five minutes. Even then
it would prove unsatisfactory since ah@:ft bleaching times would introduce
errors due to unequal diffusion of chemicals in the gelatin,

The concentration of NH,OH in the bleach was varied between X and
Y and tested on standard spots using five minute blsaching times. Con-
centrations of ﬂﬁg&ﬂ up to 1 ml. per 100 ml. of solution sppesred to be
satlsfactory.

Final chemicsl process. As a result of the experiments above,

the following processing method has been adopted:
(a) the X-ray films conventionally developed, fixed, washed,
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and dried, were soaked in water for 30 minutesj
(b) bleached in blesch X for a minimum of 30 minutes;
{c) washed in running weter for one hourj
{d) toned on cobalt toner for a minimum of 30 minutes;
(s) the occcluded activity diluted in 100 ml. of water for one

hour, followed by further dilubion in two liters of water for one hour;
{f) finally, washed in running water for one hour and dried.
K11 the processing was carried out at 20° C. and in ordinary
light except that the films wers handled in subdued light during steps

(b) end (o).

Counting rate vs. sxposurg curves

A linesr relationship between the optical density and exposure
which extends up to an optical density of two was found by Bell (38)
for double-costed non-scrsen X~ray film. Sheppard and Ballard (52)
showed that the mass of silver deposited on the film is propertional
to the optical density. Since in the toning process cobalt is deposit-
ed proportional to the msss of silver present, the counting rate should
be proporticnal to the exposure. The counting rate vs. exposure re-
lationship has been determined for Rasimen double-costed X-ray film.

A series of eight spots were prepared on Eastmen film using the
brass mask and eight step sector deseribed previously. The films were
toned using the finsl toning procedure described above. The spots were
punched from the film and counted for two messurements of at least
10,000 counts eaéh, The counting rates were corrected for the dead ting
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of the counter, the background counting rate due to the chemical fog,

and the relative sise of the spots. The relstionship smong the cownt-
ing rates and exposures is shown in table 23 for two separate experi-
ments. ihe optical densities of the background and a few of the
strongest spots were measured using an Eastman visual densitometer,
These optical densities are listed in the table to indicate the
densities of the spots.
Tabls 23
Counting Rete vs. Exposure Relstionship

Exposure. Optical density e@mmz rete Linear Eaapm
o (o/m - 64)
‘Experiment I
Background 0.10 10.05
1 ‘ 3.37 2.76
2 5.56 5.52
4 11.37 11.04
8 2191 22.08
16 42.84 44,16
32 1.8 78455 88.32
64 3 132 176.6
128 73. | 191.28
Experisent IT
Background 0.10 9.76
1 6.10 6.72

2 13.36 13.44
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Teble 23
(Continued)
Exposure Optical density 3%?}?3&&2?“ Lia#ar Response
Experiment 1
4 | 26:99 26.88
8 1. 53.58 53.7

16 2.38 96.34 107.5

m optical density-exposure curve appears to be linear up to an
optical density of 1.8 to 2.0. The deviation from the curve at low
ogtieél densities is due to the error introduced by subtracting a high
background counting rate. The deviation &t high optical densities is
real, M?ar, and smounts to spproximately 10 per cent at an optical
density of two. Agfe film was not tested because preliminary optical
density messurements showed that the linear relationship did aut extend
nesrly as far as for Basimen film.

Weasurement of intemsities of anthracene single crystals

It seemed desirable to test the intensity method further on a
crystal whose intensities have been messured by other methods. The
intensities of reflections from anthracene crystals have been measured
by Robertson (59,31) and Robinson (60,49) by the ionization chamber and
Robinson's photometer method. Banerjee (61) obtained the intensities
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by repsated microphotometering of the reflections. Therefore,
multiple film Weissenberg and oscillation diagrams of anthracene
crystals were prepared, and the intensities of the (004) emd (h0A)
reflections were determined by the method outlined above,

The anthracene crystals, eryat&?ali.sed from acetone, were C.2 mm.
to C.4 ™ in dismeter. The spot area which wes produced on the
Weissenberg film wes ~ 0.001 cm? as compared to the smallest punching
area of 0,018 cn? Each reflsction was cownted for st least 13,000
eounts and serrea‘w& for the dead time of the counter and the backw
ground counting rate., The counting time per punching varied from three
to ten minutes. The resulis of these determinations sre compared with
those of Robinsor, Robertsen, and Banerjee in table 24.

Table 24
intensities of Reflections {rom Mnthrecens Crystals

Indices Jonization Robinson's Photomater Banerjes Toning

200 1000 | 1000 | 1072

201 652 : 657 645
203 253 263 235
002 i92 198 196 199
003 52 60 46 50
004 81 73 i g5

005 32 32 1 31
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éamplo's with respect to the cownting tubs window has been #ﬁmm to
be very good, and errors due to this factor have not been detected.

A further source of error arisss from the location of the crystal
in the X-ray beam, Errors of this type wm’ noted in using large
anthracene crystals. The best agreement with the 1@1&&%&.@# method
was obtained over small translationel distances on the Weissenberg
film (corresponding to a small rotation of the orystal). The widest
veriation was obtained in comparing the (200) and the (202) reflections
which were separate by 50° on the film. 7

The sbove errors camot be evaluated directly but can only be
indicated by the egreement of the results of this method with those
by other methods (see table 24). A fifth source of error, the statis-
tical error due to the measursment of the radioactive decay of the cobalt
can be estimated. The standard dwiatim for one measurement in which
n observations are made is equal to v& . In a measurement of 10,000
counks the standard deviation is 1 per cent. Thus, the standard devia-
tion for one messurement can be easily lowered to less than one per
cent, and the measurement of the background counting rate can be de~
termined with similar sccuracy. The counting rate of the spot, howsver,
is determined by the difference of the spot plus baekg?emd counting
rate and the background counting rate. The standard deviation of the
resulting spot counting rete is equal to the square roof of the sums
of the squares of the errors in sach counting rate. Thus, if the
background counting rate is large compared to the spot counting rate,

the error in the latter may be very }.arga:. Only if the background
counting rate is sero, is the standard error in the spot counting rate
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equal to the standsrd error of the measurement. Thus, the accuracy
of the method is primerily dependent on the imporitance of the backe-
ground and the number of total counts which are recorded per spot.
Nevertheless, ocomparison of the velues of intensity obtained by this
method with thoss found for the lonigation chamber and Robinson's
photometer are good, even with rather high background errors.
Convenience., The method enjoys the convenience of simultaneous
registration of a large number of reflections on a photogrsphic film.
It can be spplied to any photograephie record, obtained by any I-ray
diffraction method. The best diffraction method 1s one which produces
a low background and fairly largs diffuse spots. The measurement of
tﬁs activity is a routine standard process which even non-technical
-personnel can perform. The time of measurement for a spot with a con-
venient size varies from one to five minutes. Only very wesk or ex-
tremely small spots require measurements of over ten minutes. The
squipment needed is standerd equipment availsble in all modern

laboratories.

Possible improvemenis. Higher counting rates can be obtained

by using cobalt with a larger specific activity. The cobalt used in
these experiments had a specific activity of thirty millicuries per
gram. Activities of 100 millicuries per gram are availabls,

The background error may be reduced by using smaller punches,
or larger spots. The latter alsoc increases the counting rate. The
larger spots can be obtained by using larger crystals, larger camera
radius, or by moving the film holder slightly dﬁring the exposure,
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thereby obtaining double spots or a broadened spot. Special film
with 8 much heavier coating of silver halide which would extend tha

rangs of linearity would be desirable.

Summery snd Conclusions

A new method of determining the intensities of X-ray diffraction
maxime from their photograph record has been developed which involves
the radioactive toning of the film. The method appears to be almost as
accurate as the lonigation chamber method. The me&surement of the ine
tensity of approximastely 10 reflections can be determined per hour with

an accuracy of less than 5 per cent.
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