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ABSTRACT

A neutron diffraction pattern obtained by the transmission method

from a thin slab of Pu at 23 “K has been anslyzed in terms of an ansJ_yt-

icsl expression consisting of the summation of Gaussian peaks. The

sngular positions of the Gaussian peaks have been indexed in terms of a

monoclinic unit cell which compares favorsbly with the roan temperature

cell given by Zachariasen. The intensities of the Gaussisn peaks yield

a structure essentially in agreement with the roan temperature structure

but with the important differences of a reduction in the average nuttiber

of neighbors frcm 14 at room temperature to E?.’jat the low temperature,

indicating a tendency of the atoms to cluster; and a reduction in the

gross average Pu-Pu interatomic distance from 3.19 ; at room temperature

to 3.16 at the low temperature. This smsll contraction in the average

distsnce is not significant, however, because of the rather large standazxl

deviations observed for the individual interatomic distsnces.
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INTRODUCTION

The prtia~ purpose of the investigation described in this report

was to ascertain whether or not a gross crystsllo~raphic structural change

that could be correlated with other ancxnslousproperties occurs in cz-Pu

at low temperatures. Neutron diffraction was chosen for the investigation.

For the more conventional X-ray diffraction, knowledge of the change in

scattering amplitude with the diffraction angle for Pu is required. But

in neutron diffraction, since the size of the nucleus is very small in

comparison with the neutron wavelength, the scattering smplitude does not

change with diffraction angle and is constant over the experimental range

of 2e. Also, at the low temperature used in the investigation the thennsl

vibrations of the atcmm are small enough to be considered negligible and

therefore can be eliminated as the variables in the structural analysis.

EXPERIMENTAL RESULTS

The experimental ssmple consisted of a slab of a-Pu approximately

2 inches square and 0.005 inch thick machined from a cast billet. Dur-

in~ cooling frcm the liquid state to roan temperature, Pu passes through

six phase transformations, a process which imparts a very smsll grain

size to the sample. Experimental work on similar specimens prepared in

this manner indicates that they are free frcm preferred orientation

(Waber, 1963).

-7-



After bein~ encased in sn sluminum sample holder,

examined by neutron diffraction (transmission methcd).

of the Omega West Reactor of the Los Alsmos Scientific
0

the Pu was

Spectraneter #2

Laboratoq

was used, and the neutron wavelength was 1.3918A. A trace of the

neutron diffraction pattern obtained by G. P. Arnold and N. G. Nereson,

both of the Los Alsmos Scientific Laboratory, is given in Fig. 1.

EXPERIMENTAL ANALYSIS

Since the mechanical resolution

rather poor (as shown in Fig. 1), it

maticsl resolution of the pattern by

expression. The neutron diffraction

and

of the diffraction pattern is

was decided to determine a mathe-

using the following analytical

peaks are assumed to be Gaussian

NI

zY = Back&round + —
.=l Wnk

em [-$(x -bn)2/w~]

where

(1)

Y = number of

N = number of

In . area (or

neutron counts

peaks in one neutron diffraction pattern

intensity) of one diffraction peak

w = a half-width for each peak
n

bn . midpoint of each peak

X=*O

This expression consists of a background term plus the sunmation

of a number of Gaussian peaks. This equation was progrsmned for the

-8-
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MANIAC ccxnputerby A. L. Bowman

by R. Engleman, both of the Los

least-squares solution could be

and for the IBM 7030 ccmputer (STRE’IUH)

Alsmos Scientific Laboratory, so that a

obtained for the background, 1=, and b..
LL u

Preliminary results fran the MANIAC were used in the STRE’JYC!HproGrsm to

determine that the experimental pattern of Fig. 1 could be represented

by a background term and the summation of 2h Gaussian peaks. The

neutron diffraction pattern calculated fran the Gaussian analytical

expression of Eq. (1) is given in Fig. 2. The least-squares values

background, In, and bn used for this calculation are given in !l!sble

of the

1.

The hslf-width, Wn, is a function of the 2(3angle, bn, and therefore is

not a variable in the present least-squares analysis. The values of w=

used, also given in

expression:

w =ko+
n

where k
o

= 0.1555 *

The general form of

Tshle 1, were calculated fran the following

kl tan en + k2 tan2 en

0.0492, kl = -1.0238* 0.2448,k2 = 3.3937 k

this expression (a polynanisl in tan en) and

11

(2)

0.2855.

the

Si@S Of ko, ~, and k2 were theoretically determined by Caglioti,

Paoletti, and Ricci (1958). The numerical values of koj kl, and k2 were

determined for spectraneter #? of the Omega West Reactor by examining

Ni,

For

the

the

V2C, and TaN ssmples with the Gaussian summation equation [Eq. (1)].

these ssmples, for which the mechanical resolution is quite good,

half-width temn was snowed to be a least-squares varisble. After

w obtained was plotted against tan en for these specimens, the
n

-10-
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vslues of kO) kl, k2 given shove were found frcxnthe resultant curve by

a least-squares S31alysis.

Also listed in Table 1 are the assigned indices hkl associated with

the 2f3vslues bn. The combination of the assigned indices hkl, the 2f3

vslues bn, and a least-squares progrsm for a monoclinic unit cell

enables the crystallographicparameters a, b, c, and ~ to be determined.

In Table 2 these parameters are compared with those obtained at 77 OK by

Chebotarev and Beznosikova (1959) and at roan temperature by Zachariasen

(1963). By using these lattice parameters a calculated 20 position can

be obtained for a given hkl. No calculated position for an assigned

index hld exceeds the 3cJrsnge and 98.5% of the calculated positions do

not exceed a 2cJrange.

The lattice parameters given in Table 2 fora-Pu at 23 “K generate

16 indices whose calculated positions exceed the 3CSrange of any

observed Gaussian peak. These 16 indices are therefore classified as

unobserved reflections. The 16 indices are 20-1, 200, 104) 21-3, 20-4,

=0, E-1, 022, 10-5, 212, 005, WI, 12-2, 223, 10-7, and 031.

At 23 “K the increases in the a and c lattice

vslues observed at 77 “K correlate quite well with

~ement (1963). In a dilatanetric investigation

constants over the

the observation of

he found that a mini-

mum in the thermal contraction of a-Pu occurs at approximately 50 ‘K.

Below this temperature a polycrystslline ssmple of a-Pu begins to

expand, and an explanation of this behavior is offered with the observed

increase in the lattice parameters a and c.

-13-
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The structure of a-Pu at 23 ‘K is determined by a combination of

the indices hkl, the observed values of In, and a least-squares progrem

for the following equation:

.

~n=k~Mj LPj (FcJ)2

1

(3)

where

Fc = 2.0 k
Cos 211(hxi + ;+ lzi)

1

The calculated structure factor, Fc, contains the positional param-

eters x. and z
1 i of the plutonium atans, which are summed over the eight

atans placed on a mirror plane,snd multiplied by 2.0 (since there are

two mirror planes in the unit cell) to

cell. The structure factor is squared

by the Lorentz-polarization correction

ity factor M., and smmed over j, the
J

associated with each observed Gaussian

factor.

accountforthe 16atcms per unit

to obtain sn intensity, multiplied

Lpj, multiplied by the multiplic-

number of index triplets hkl

peak. The quantity k is a scale

In the least-squares snalysis each In is weighted acoording to the

reciprocal of its standard deviation squared. The unobserved reflections

are also considered snd according to Hamilton (1955) are assigned values

of Imin/j with estimated standard deviations of a . (4.1min2/45)1/2.

The value of Iti is taken as twice the standafi deviation of the back-

Ground. At this level we can be 95% confident that any intensity

greater than this smount will have been observed. With Zachariasen!s

-15-



roun temperature structure of a-Pu as the initisl starting point, the

least-squares progrsm processed the 23 cbserved In and the 16 unobserved

reflections to yield vslues of x
i
and Zi with their standard deviations.

These values are listed in Table 3 elong with Zachariasen’s positional

parameters for comparison. Examination of Table 3 indicates that there

has been considerable movement in the atcmic positions, but this obser-

vation is mitigated smnewhat by the rather large standard deviations

associated with the positions at 23 “K. A canparison between the

observed and calculated In is given in Fig. 3. Also shown is the cctn-

parison between the unobserved reflections and their calculated

counterparts.

DISCUSSION AND CONCLUSIONS

A convenient methcd for canparing crystal structures is to canpare

the polyhedral arrangement of atc%nsshout a centrsl atcxnunder consid-

eration. This is shown in Table 4 fora-Pu at 23 “K and 294 “K. III

genersl, the number of neighboring atcms about a given atom is smaller

at the lower temperature, which is indicative of a tendency for the

atcms to cluster. The only exception to this generalization is for atan

Pu(4) which picks up an additional atom as a neighbor at low temperature.

The interatomic distances in a-Pu at 23 ‘K snd 294 “K are canpared

in Tsble 5. At roan temperature, Zachariasen distinguishes between two

-16-

types of bonds in a-Pu, “short” and “long.” “Short” bonds range frcm

2.57 to 2.78 ~ and “long” bonds range from 3.19 to 3.71~. An average

bond J.c!lCthfor sll bonds is 3.19 ~.



Table 3. pOSitiOnal PARAMETERS IN CZ-pUAT 23 ‘K AND 294 “K

At(nn

Pu(l)

Pu(2)

PU(3)

PU(4)

Pu(5)

pu(6)

PU(7)

pu(8)

23 “K

x =0.3552 0.020
Z = 0.164? 0.013

=0.749f 0.024
=0.191* o.ol~

=0.032f 0.023
=0*335* 0.010

=0.578fo.024
=0.470* 0.013

=0.091t 0.029
=0.614f 0.014

=0.390 t 0.024
=0.678 * 0.014

=0.367*0.018
=0.915* 0.015

=0.911t 0.018
=o.84gk 0.013

-17-

294 ‘K

0.345* 0.004
0.162* o.oo2

0.767* 0.004
0.168* 0.002

0.I-28* 0.004
Ooy+o* 0.003

0.657k0.005
0.457* 0.003

0.0252 0.005
0.618* 0.003

0.473ko.oo4
0.653f 0.002

0.328k0.004
0.926t 0.002

0.869* 0.004
0.894t 0.002
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A similar tendency to separate into “short” and “long” bonds is

noted in cx-Puat low temperature. These bonds are listed in Tsble 6.

Although the separation in range between “short” and “long” bonds is

not as definite as in a-Pu at roan temperature, there is nevertheless

a rather clear-cut gap of approximately 0.2 ~ separating the two regions.

~le 6. “SHORT” ~ “LONG” B()~S IN C%-I?UA!P23 ‘K, ;

Atcm

Pu(l)

PU(2)

PU(3)

Pu(4)

PU(5)

PU(6)

Pu(7)

PU(8)

Short Bonds

No. Range

5 2.37 - 3.01

6 2.10 - 2.99

5 2.10 - 3.01

5 2.70 - 2.92

5 1.83 - 3.02

7 1.83 - 2.99

5 2.63 - 2.75

4 2=75 - 3.02

It should be noted that

distances appear in Tables 5

bond can ever approach these

results of the least-squares

Long Bonds

No. Range

5 3.15 - 3.36

7 3.22 - 4.09

8 3.19 - 4.30

10 3.22 -4.24

7 3.22 - 3.47

5 3.16 - 4.30

6 3.15 - 3.56

10 3.19 - 4.24

All Bonds
Mean

No. Length

10 2.99

13 3.06

13 3.27

15 3.28

12 3.03

12 3.11

11 3.03

14 3.41

;eversl apparently short interatanic bond

md 6. It is not believed that any Pu-Pu

rather small values, but these are the

WmJ.ys is ● The standard devi.ati.ons on the

bond lengths are so large, however, that no significance whatsoever can

be attached to tiieseshort distances.
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At lCYWtemperature the upper limit of the “long” bond range and the

lower limit of the “short” bond range have increased over their respec-

tive values at roan temperature. The gross average Pu-Pu distance at

low temperature is 3.16 ~, but this slight contraction in the distance

of 3.19 ~ at roan temperature is not significant, because of the rather

large stsndafi deviations calculated for the interatxmlc distances.

In conclusion,a-l?uat 23 ‘K shows no gross crystallographic change

from its structure at room temperature. The lattice constants, a ad c,

of the monoclinic unit cell are significantly larger than might be

expected on the basis of extrapolated thermal contraction data but do

correlate well with the minimum in the?mml contraction as reported

by Lallement (1963). The average number of interatomic neighbors is

reduced to 12.5 at 23 ‘K canpared with 14.0 at room temperature. A

-25-

slight, but not significant, decrease in the average Pu-Pu distance was

found, i.e., frcxn3.19 ~ at room temperature to 3.16~ at 23 “K.
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