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CALCULATED X-RAY POWDER
LIFFRACTION PATTERNS OF PLUTONIUM

by
R. B. Roof

ABSTRACT

The X-ray powder diffraction patterns of
the six phases of plutonium were calculated for
Cu Koy (A = 1.540598 A.) The results listed
are 28, sin?8, 4 values, integrated intensities,
and diffraction indices hkl.

INTRODUCTION

The metal plutonium is known to exist in six phases. To aid plutonium
metallurgists in unravelling complex x-ray diffraction patterns that occur as a
result of mechanically and/or thermally induced transformations, it is felt
advisable to have diffractior patterns of the individual phases available.

The interplanar spacings and intensities and other rzlevant information
were calculated by use of the ANFC subroutine of the LASL Crystal Structure Code
written by A. C. Larson. Space group and atomic position set identification,
except where otherwise noted, follows the presentation given in the International
Tables for X-ray Crystallography, Vol. I, published for the International Union
of Crystallography by the Kynoch Press, Birmingham, England. In the calculations,
the atomic scattering factors were corrected for the effects of anomalous disper-
sion. The scattering factors and anom < dispersion terms utilized are those
given in Vol. IV of the International Tau:es for X-ray Crystallography. In the
absence of any literature values, an isotropic thermal parameter was arbitrarly
selected, and applied, so that the calculated pattern may more properly approach
one that an investigator would see under the normal conditions of room temper-
ature. A (+) sign following a listed diffraction index is to be interpreted as
meaning that there are additional reflections having the same interplanar spac-
ing, but they are not listed in an effort to conserve space.

The references cited are, in the author's subjective opinion, the best
with regard to total crystallographic information. Their perusal may lead to
others that might be of interest to a particular investigator.
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Material:
alpha Plutonium
Structure:
Monoclinic, F2,/m, (#11), z = 16
Atom Positions:
Pu in (e) 345 .250 162

in (e) 767 250 .168
in (e) .128 ,250 .340
1

n () 657 .250 b5
in (o) .025 .250 618
Puin (e) .473 .250 .653
Puin (e) .328 .250 .926
Puin (e) .869 .250 .89

a= 6.183+18 c= 10,963 %1
b= 4.822 +1 g =101.79 £1°
Volume:
319.96 #°
Density:
(calculated)(®%u)  19.846 g/cm’

Thermal Parameters:
Isotropic: plutonimm B = 0.20
Scattering Factors:

Puo, corrected for anomalous
dispersion.

X-ray wavelength for calculated pattern:
1.540598 R, Integrated Intensities
References:

W.H. Zachariasen and F,H, Ellinger,
Acta Cryst. 16, 777-783 (1963).
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Material:
beta Plutonium
Structure:
Monodl inie, I2/m, ( ), 2=134
Atcm Positions:
2 Pu in 000 000 000
L Puin o”ié 000 0387
4 Pu in «337 .000 082
4 Pu in W34 00 L6TR
4 Pu in S5M L2200 L000
8 Pu in Jd45 268,108
8 Pu in 167 150 753
lattice Constants:
a= 9,28, 28, c= 7.859%2

b= 10,463 £ 2 Q@ =92.13 +2°
Volume:
762,88 R
Density:
(calculated)(®%Pu)  17.688 g/ew’
Thermal Parameters:
Isotropie: plutonium B = 0,50
Scattering Factors:

Puo, carrected for anamalous
dispersicn.

X-ray wavelength for calculated pattern:
1.540598 X. Integrated Intensities
References:

W.H., Zachariasen and F.H. Ellinger,
Acta Cryst, 16, 369~375 (1963).

'"'hw,.n_-‘

Space Grouf“eaf.is not a standard

representation in tho\tﬁ?m&izng\
Tables for X-ray Crystallography.

Its usz is Justified by the near
orthegonslity of @ = 92,13°,

Convernion to space group C2/m, (#12),
results in lattice constants of

a=11,939 8 ¢ =9.28,

b = 10,463 ? = 138.87°
with atom positions
2Puin (@) .000O L0000 .OOO
b Pu in (1; 2387  .000 241
4 Pu in (1 082 000 75
4 Puin (1) .672 ,000 .238
4 Pudn (h) .000 .220 .500
8Puin (3) .108 ,268 ,963
8Puin (3) .753 .150 .586

The listed indices kkl are for
epace group I12/m.

™o
THETA

12,74
14,09
15,49

16,93
19,12
22,38
22,63
22,72
23,48
28,17
25,48
25,73
26,36
27,39
27.97
28.4q0
29,22
30,11
30,34
30,65
31,46
33,85
33,97
33,25
308,35
34,95
35,22

SINSQ
THETA SPACING

«3123
«A150
0159

[T—8,08 2171

0217
0276
«A376
«838%
2388
Y.L
«R438
+049%
<2496
<0528
8557
+«A588
o R602
« 8538
«A67S
«A685
0898
+a738
« 8848
+«A853
« 2867
+ORT2
«9902
+P915

6,9417
6,2818
6, 1872
5,827T3
S,231

9,6368
3.973%
35,9268
3.9106
3,78%¢
3,67%
3.,4708
3,3593
3,377
Te 646
31,1875
3.1405
3. 0538
249657
2.9437
22,9886
2.8817
2,6458
246372
2463158
2,06988
2456548
ey5362
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85,94
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87,08
87,14
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87,342
87,41
87,73
87,84
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88,97
88,22
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68,35
88,69
88,72
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88,78
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<4697 11,1239
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4708 11,1232
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4759 1,146
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«G832 11,1882
0844 1,1047
28851  1,1060
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L4886 11,1020
+A888 1,1018
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<3991 11,1084
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87,95
89,05
89,12
89,18
89,40
89,51
89,53
89,81
99,86
909,09
998,11
94,12
99,38
99,98
992,51
90,68
e, 74
90,77
91,27
91,80
91,47
91,b6)
91,68
92,148
92,21
92,26
92,31
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THETA SPACING
L9938 1,099%
L4917 11,0986
.8923 3,8978
<4928  1,497%
+4938 1,0895%
«3957 1,894}
«3959 {,@93¢
»,A984 11,0913
5085 1,8808
.5008 1,0838%
L5010 1,0883
,5011  1,.,0882
5033 11,0858
#5982 11,0848
.5048 1,48486
5839 1,0830
5061 1,0828
«50860 11,8821
5188 1.8775
#5123 1,0756%
«3129 1,9756
,5181 31,8743
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«SIAT  1,8596
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5202 11,2689
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Material:
gamma Plutonium
Structure:
Orthorhombic, Fddd, (#70), Z =8
Origin at T.
Atom Positions:
8 Pu in (a) .125 .125 125
lattice Constante:
a
b
c

"o
U
b
R
5]

11+

N B

Volume:
185,15 R
Density:
(calculated)(23%pu) 17,148 g/emd
Thermal Parameters:
Isotropic: plutonjum B = 0,50
Scattering Factors:

Puo, corrected for anomalous
dispersaion,

X-ray wavelength for calculated pattern:
1.540598 8.  Integrated Intensities

References:

W.H. Zachariasen and F.H. Ellinger,
Acta Cryst. 8, 431-433 (1955),

TWO
THETA

33,50
35.132
35,77
62,10
56,08
56,73
61,43
62,83
63,66
64,58
67,57
70.39
73.69
74,17
74,66
75,79
78,60
83,65
99,17
91,27
91,84
94,90
95,30
96,55
96, 7h
1ae, 18
193,32

126,97

SINSG
THETA

«A83Y
910
943
1290
.22140
2257
»26Q9
2717
2782
.,2853
. 3702
.3322
3589
3636
3677
#3773
.49y2
.R4a7
+5015
.51
<5161
9427
5462
25970
5588
oOAUR
6152

.6459

2]
SPACING

2.6729
2,545
2,5082
2,1445
1.6387
1.621%
1,582
1,4778
1,4608
1.4421
1.3862
1,3365
1.2859
1,2774
{.2703
1.2541
1.2162
1.1551
1.0877
1.8775
1.9872%
1,0456
1.,1323
1.0321
1.2308

9945

.9821

.9588

INT,
19g,8
43,4
L9 )
53,0
22.2
21,8
16,7
15,6
14,9
To1
12.4
N
9,6
9.4
4.6
a.8
16,9
6,8
S.8
5.7
R
S.3

10,6
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WO
THETA

107,33
197,83
109,27
114,73
111.76
113,17
113,76
117,40
119,66
123,03
125,084
128,68
134,91
132,01
132,75
134,24
139,348
140,14
141,44
143,68
146,15
151,482
154,56
160,32
1L 3,67
162,66
165,949

166,82

SINSQ
THFTA

L6400
L6534
.6650
L6770
,basH
6967
.7415
. 7309
L7475
7726
.TB69
+812%
.827a
.8%a8
.8392
.Bane
.8799
.BA3A
,8918
, 9029
» 9152
. 9391
,9515
.9707
9718
97713
9850

« 98568

2]
SPACTING

.9562
+9532
9846
L9362
.9388
.9229
,9197
9215
.8910
8764
.B6RS
.B586
LBa68
LBO3:
.8408
L8361
.R212
.8198
1T
5187
8052
,7940
« 7897
' 7818
7814
T .TT92
o176

. 7754

INT,

6,7

9,3
Se2
13,4
27.3
15,2
18,7

20,9
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Material:

delta Plutonium
Structure:

Cubic, Pm3m, (#225), 2 =4
Atom Positions:

L Pu in (a) H00 000 ,000
Iattice Constants:

a=4.637 £ 4 8,

Volume:

9.1 2
Density:

(celeulated)(3%u) 15,921 glen’
Thermal Parameters:

Isotropic: plutonium B =0,75
Scattering Factors:

Pup, corrected for ancmalous

dispersion.
X-ray wavelength for calculated pattern:
1.540598 R,  Integrated Intensities
References:

F.H, Ellinger, J, of Metals,
1256-1259, October (1956).

THO
THETA

33.1a
38.8)
56,05
44,86
78,206
83.28
92,79
95,96
108,94
119,35
1449, 89
158,69
170,69

SINSQ
THETA

«OR2A
1108
2208
» 3235
#3311
24415
5203
5519
05623
+ 7351
,8830
9658

49934

]
SPACING

240772
2.3186
1.6395
1.39a1
1.33486
1.1593
1.8638
1.436%
« 9865
« 8924
#2197
7838
«7729

INT,
172,08
a9,6
32,3
36.5
19.0
4.8
15,8
14,2
12,7
17.3
a6
61.6
A7,0
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Material:

delta=-prime Plutonium
Structure:

Tetragonal, Ii/mm, (#139), 2 = 2
Atom Positions:

2 Puin {a) 000 .OOD .00O

lattice Constants:

L
Volume:
19.568 R
Density:

(calculated)(*Fpu) 16,013 g/cm3
Thermal Parameters:

Isotropic: plutonium 8 = 0,75
Scattering Factors:

Puo, corrected for anomalous
dispersion,

X~ray wavelength for calculated pattern:
1.540598 R, Integrated Iutensities

References:

F.H, Ellinger, J, of Metals,
1256-1259, Octaber (1956).

TWO
THETA

33,54
IA, 08
4p,55
54,95
S56,R4
6S.90
69,31
70,08
81,86
R7,74
91,03
93,69
94,16
95,26
29,00
107,73
112,73
116,35
119,89
127,48
134,67
144,3m
152,41
156,30
157.53

164,60

SINSG
THETA

Lk
10648
120
2129
2265
<2961
3234
«3330
4258
«4RN3
5099
5322
+5363
«585R8
«5A67
.652%
0932
7219
+ 7892
.Ba37Y
.A515
«9061
.93aa
<9580
» 9620
«9716

[}
SPACING

2.hb99
2.,3410
2,2230
1,6495
1.6185
1.415%
1.5%546
1.335@
1,180%
1.1315
1,8797
1.08:59
1.0519
1,0426
1.00858
9538
»9252
« 9046
89060
«RS593
+A347
«AA92
« 7967
«7R70
+785%

<7845

15.1
a,7
19,6

11.3
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Material:
epsilon Plutoniwm

Structure:

Cubic’ Il"’ (#229)’ 2=
Atom Positions:

LY

2Puin(a) .0O0O .000 000
Lattice Constants:
a= 3.6361 %48

Volume:

18.07 £
Density:

(caleulated)(Z%Pu) 16,512 gfen’
Thernal Parameters:

Isotropiec: plutonium B = 1,00
Scattering Factars:

Puo, carracted for anasalous
dispe rsion.

X-ray wavelength for calculated mttern:
1.540598 8,  Integrated Intensities

Raferencea:

F.H. Ellinger, J, of Metals,
1256~1259, October (1956),

THO
THETA

34,47
s@.11
62,52
73.62
84,12
93,42
104,57
115,86
128,00
142.67
167.08

SINSO 0
THFTA SPACING
<0898 2,5711
»179% 1,818}
12693 1,4888
3500 1 ,2B56
8488 1,1498
5386 ),00897
+62R3 +9748
«7181 .9098
+8A78 L8570
N976 8131
#9873 7752

INT,
199.9
16,9
32.6
9,5
12,9
33
17.2
241
13,5
11,5
3.1
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