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ABSTRACT 

Problem (1) 

Some improvements in the use of the Siegbahn precision 

spectrometer employing two crystals (a specimen to be measured 

and a standard comparison crystal) are described. These enabled 

the author to ascertain changes in lattice spacing smaller" :.: 

than one part in ten thou.sand. Two series of bismuth single 

crystals containing impurities up to five atomic percent were 

studied. These were bismuth-tin and bismuth-lead. Roughly, up 

to these concentrations of impurities the change in lattice 

spacing went linearly with the amount of added impurit,y. However, 

the accuracy was still not sufficient to decide whether or not the 

first few foreign atoms (first tenth of a percent or so) go into 

the cr~stal lattice as do the subsequent atoms, there being 

reasons to believe that they do not.1 

Problem (2) 

A new X-ray cryostat is described which enables one to 

keep a crystal at any desired temperature dovm to about 25 degrees 

absolute using liquid hydrogen. The method of temperature control 

is by regulation of the flow of the heat-transfer gas (helium) 

which is circulated through the apparatus. A fast ionization 

method for measuring small changes in the Bragg angle of reflection 

and hence small changes in the crystal lattice is explained. This 
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makes it possible to measure coefficients of expansion by the x

ray method in these low temperature , regions. A series of measure ... 

ments (in three orders for plU'poaes of c~unterchecldng) of .lattice 

changee and. coefficients of e,cp@sion are given cov~ring the temp-, 

erature range f'rom 25 to 555 • degrees ab$olute. A test of the 

Grueneisen: rule is made, values of the specific heat at. low temp-
' 

eratue~ being extrerpoJ.atio~s from the extremely low _temperature 

vaiues taken at Leiden. The :nue is foun<t to have only limited 

applicability, failing above 100 degrees absolute, and ;failing t.o 

show similar disc911tinuities in s,pecific heat values where di.sc9n

tinui'tiea · oc~ur in expan$ion coefficient values. The question as 

to :whether •:or not there is a dif'ferenee between x .... ray and macroS...: 

copic expansion .values i& believed to be settled .1 

I 

Problelll (5) 

A 111ethed for u&ing th.e appar~tus described in proble~ (2) 

for intensity measurements is outUned, the chief feature be-ing 
' . ) . 

the automatic integration of the intensity under a giYen line. 

Measurements are t~en throughout the same temperature region 

as in problem (,2), namely :from 25 .... 535 delfre~s at1solt>.te. The 

eXponential form of the Debye heat factor is found to be obeyed 

below 480° absolute. Above that po~t there is noticeable 

hysteresis and an increased intensity with increasing temperature. 

No dj,scontinuitie.s in intensity occur where they are found in the 

coefficient of expansion measµrements. 



PROBLEM I 

THE EFFECTS OF SMALL AMOUNTS OF IMPURITIES 

ON THE BISMUTH LATTICE SPACING 

Introduction. 

The results of' studies made by Goetz and his co-workers2 

on bismuth single crystals eontaining small amounts of impurities 

(generally one or two atomic percent or less) made an x-ray 

investigation of the same very desirable. Hergenrother5 had. 

previously made measurements on single crystals containing several 

atomic percents o.f impurities, employing a Siegb.$n method which 

gave the required accuracy at the time., However, in view of the 

fact that very small a.mounts of impurities (of the order of a 

tenth of a percent) seemed to give the most interesting effects, 

while the addition of larger amounts of the same impurity had 

diminishingly smaller effects, it was felt that a systematic 

x-ray investigation of these crystal.s might give some clew as to 

the position of the foreign atoms in the crystal lattice. At the 

same time, since the problem now centered on smaller amounts of 

impurities, it was necessary to improve the accuracy of the method. 

Experiment 

The camera employed was of the Siegbahn type. Two ·crystals 

replaced the usual one. For purposes of compar.ison alone, the pre-

4 



cision scale of the usual camera is not necessary, since the 

difference in lat·bice spacing between the two crystals employed 

(let 1.1s say the pure and impure metal) can be directly calculated 

from the x-ray plate measurement, of course, providing that the 

lattice spacing of the standard crystal is known. Since this · 

method has been fully desc1--ibed by Hergenrother, it is useless • 

to go into detail here. Suffice it to say that the greatest 

source of error in the method had previously been 1n the ineonaect 

alignment of the crystals on t.he axis of rotation of the spectro

meter. In the pre-sent work a new double crystal holder was 

employed which allowed the crystals to be adjusted to within 

5 x 1Cf"5 ems. of the axis or better. The adjustment was ma.de by 

setting a microscope with a special base direajily over the ens 

of rotation of the instrument. Then, with the aid of a lo~g focal 

length obJective (2.0 cm) ·the ccystals could be, aligned individually 

on the axis of rotation by properly focussing the microsc<:>pe and 

ma.king the necessary adjustment on the crystal holder. With this 

arrangement the error in adjustment was now comparable in eff'ect 

with the uncertainty.in measuring .the position of the lines upon 
. . 

the x-ray plate, and hence it was .f'elt that a limit in ~ccuracy 

for a camera of this size (radius 17 cm.) had been reached. This 

accuracy was somewhat better than one part in ten thousand. 

Two series of metals were studied, namely bismuth-tin and 

bismuth-lead. The percentages (atomic) of the added metals ranged 

5 
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from one-tenth of a percent to five percent. The results of these 

meaf:rurements are shmm graphiCGlly in figure I. Each point is 

itself obtained from the resul·ts of measurements taken in at least 

t hree differ·ent orders of inter ference. Generally the first, 

second and f ifth orders were employed; t he (1,1,1) that i s , -the 

natural cleavage pl ai.'1e of bi snruth was used. The calculations are 

raade by f irst, performing a logarithmic differentiation of the 

fund~m1ent al Br agg equation: 

n ::: 2 D sin g 

yiel ding as a result: 

dD dl 
D = 4 R tan G· 

where dl is the di fference in the mea&ured distances between the 

'l 

lines from each of the samples on the x-ray plate. Hence if 4 R t an 9 

is plotted against dl and the slope of the straight line {fitting 

the points given by the various orders) measured, that slope serves 

to give an average value of .£Yl for the measurements in the various 
D 

orders of interference. Since the lines drawn should pass through 

t he origin oi' coordinat es , the intercept on the dl axis serves as 

a measure of' the error in adjusting the crystals on the a.xis . . In 

cases where t his was ·t.oo l ar ge , the crystal s ·~;;ere re-adjusted, and 

another set of measurements were t aken. In Fi gure 2 this method 

i s illustrated for 'the bi smuth-tin series. 
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Conclusion 

As was mentioned at t,he offset, the purpose of this in

vestigation was to ascerta.in whether or not the first small 

amounts of i mpurities went, into the bismuth l att,ice i..l'l some way 

different from that in which the larger amounts did. This is 

important because it serves as an explanation for some of the 

results obtained by Goetz and Focke in their measurements on 

diwnagnetism. They have oostulated t hf.1.t, the first few f orei gn 

atoms arrange themselves in »crevices" about the pure cryst al 

blocks, and only after such desired positions a.re filled do 

these atoms ta.ke up posi tions throughout the entire cryste.l mass. 

In such a way they are able to explain their 1·esults. Now, if 

such is the case , an x-ray anal ysi s should show for the first 

small amounts of i mpurities no ef'fect, and after a certain limit 

(about a tenth of a percent) a more or less linear change in 

lattice spacing up to a f ew percent. This latter condition is 

fulf illed as Fig. 1 clearly shows. Concerning the former t here 

is no contradiction, but no definite proof'. The accuracy of the 

method is st,ill insufficient f or a positive proof, a,."ld pl ans are 

now ui1aer way f or an extremely accurate camer a with a r adius of at 

least one meter. With the new i nstrument, this question should be 

definitely settled. 



PROBL:&1 (II) 

X-RAY DILITATION MEASUR.Ei'\IBNTS ON THE BI LAT'£ICE FROM 3go - 550° 1C. 

Introduction 

Although the problem of x-ray determinations .>i' coeffi

cient,s of thermal expansion is not new4, 5 attention was recently 

refocused on the problem by Goetz and Hergenrother6 who 1·eported 

·that between room. temperature and the melting point of the metal 

they found a substantial difference in the x-ray measurements 

from the ordinary optical measurement~ Throe essential differ

ences were emphasized: First, no sharp discontinuity at 75°c as 

was found in the optical mea~urement. Secondly, a more or less 

gradual rise in the coefficient from about 15 x lO...s· to 20 x 10-6 

in the range investigated, as against a nearly constant value of 

about 17 x 10-6 in the optical measurement of Ho7, and, thirdly, 

no decline after 250° as was shown in the measurement of Ho. 

Recently, Jay8, using a powder camera, has found almost complete 

agreement, between his x-ra.y measurements and the accepted macx·os ... 

copic values. 

10 

A definite agreement on this question seemed important, 

because, if the work of Goetz and Hergenrother proved valid, bismuth 

would again appear to be the "exception" among meta.ls in view of 

the agreement between x-ray and microscopic measurements on a 

nwnber of other metals.9 



the validity or non-validity of the GrueneisenlO rule stating a 

constancy in the ratio of the specific heat to the coefficient 

of expansion in the different temperature regions. 

Apparatus 

The same Bragg spectrometer used by Hergenrother11 was 

employed in the present invest,igations, with two important addi

tions. Fli:rst. of all, t,he apparatus {spectrometer and electro

meter} were mounted firmly on the same concrete bench in order 

to sec.:.lre absolut,e stability, and ~ a.dJustable lead slit caz-1·ied. 

on a micrometer screw was placed before the window -of the ioniza

tion chamber. This served to measure the small displacement of 

the reflected be.am when the e;rystal ~as subjected to temperature 

changes. The ory,tsl itself was set at the center oft.he ttrocking" 

anglett; the tube and its slit system were fixed for the correct 

order of reflection, and the measurements were taken by moving 

the slit in steps of one-thou.sandth of a centimeter in order to 

ascertain the maximum position of the line. It should be noticed 

that with this arrangement the danger of a systematic error can 

be entirely avoided by using more than one order of reflection 

and checking the results of the several independent sets of mea

surements. In this way, a movement of the crystal, for example, 

caused by a thermal distortion of the crystal support, can be 

immediately found and eliminated in the calculations. 

ll 
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A new adjustable er-y-stal t able o:f larger dimensions was 

employed, and most important of all, the crystal was now synmie-tri

cally mounted on a cylindrical base of nonex glass inside a 

vacuum chamber. The new cryostat allowed temperatures down to 

25° absolute to be reached with perfect facility and absolute 

reproducability, showing the absence of permanent or incontrol

lable distortion in the crystal position. This apparatus is 

best explained by reference to figure i. It is seen that the 

crysta1 is firmly supported by the nonex base which attaches 

directly to the bottom of the outer vacuum chamber which in turn 

is fasti::ned to the adjustable crystal table on the spectrometer. 

Tha temperature of the cr-y-stal is controlled by the flow of' 

helium gas (precooled with liquid air before entering the appara

tus) which is there further cooled by the vapours escaping from 

the liquid hydrogen in the apparatus, and finally is run through 

~he hydrogen liquid cooling coils and into the crystal cooling 

-tank system, to which the crystal is attached by direct metallic 

contact. By V'arying the now of gas through the system .my 

desired temperature between liquid hydrogen and room temperature 

may be reached. Above 100°1(.. liquid air is used instead of 

liquid hydrogen. Temperatures a.re measured by means of a copper 

resistance which is wrapped about that part of the crystal tank 

to which the crystal is directly attached. In calibrating the 

copper resistance, certaL~ f ixed points were used, namely the ice 

15 



~
o

 

./
0

 

.Q
5-

·-
--

---

0 
25

 
50

 
TE

M
P.

 I
KJ

 

(4
) 

15
 

C
op

pe
r-

re
si

st
an

ce
 c

al
ib

ra
ti

o
n

 r
an

ge
 O

 -
10

0°
 A

bs
. 

/ /0
0 

~
 



I 
15 

I 
/{XJ 

i 
75 --- fJf: Ro 

25-

0 /00 ~ 
TEMPfKJ 

Figure (5). 

Copper-resistance calibration range O - 500 Abs. 



point, and ·the boiling points of liquid nitrogen and liquid 

hydrogen. These were checked against the same points at Leidenl2 

and certain intermediate points were taken from their data. 

16 

These calibrations are shown in figures (4) and (5). Attention 

might be called to the fact that the crystal is thermally shielded 

on four sides by a shield attached directly to the cr.1sta.l tank, 

and further since the c:rysta.l is in a high vacuu.in, the gradients 

throughout the crystal should be sm.:J.l indeed. Use of the return ... 

ing cold gas is made by v,rap_pi.ng the return line around a shield 

which is consequently cooled by the gas. Care was taken to reduce 

radiation to a minimum by keeping the interior walls of the appar

atus brightly polished or nickel plated. The tu.bes connecting 

the hydrogen chamber directly to the outer wall were of .005 inch 

nickel-silver. Cooling coils were of copper of about O.l inch 

in external diameter. For the purpose of maintaining a low heat 

capacity the hydrogen tank walls were constructed of 00005" 

nickel silver. ProV:isio:n is ma.de for chruiging cry$tals by having 

the entire assembly (e:s:cJpt the nonex base} removable from the 

outer brass cylinder by merely loosening the top seal which is 

of Wood• s metal. This is posr1ible sL.'1.ce ·the crystal tank-none:x. 

base eonnection is made by means of a ground glass joint which 

slips apart when the crystal assembly is lifted. The crystal 

can then be removed 'crJ simply screwL'1g it (by its hold.er in which 

it is fixed with Wood's metal) out of the tank part. Se'leral 



c:r,1stal holders are available so that a new crystal may be 

immediately installed. As is indicated in the diagram an 

optical adju:;rt.ment of the cry-stal can be easily made since 

the brass outer wall of the cr-.1ostat is cut away at t hose 

parts which would intercept the optical beam. When this ad

justment is made the apparatus is made vacuum tight by the 

sliding cylinder to which t,he aluminum 'Nindows are attached. 

This is waxed in place at top and bottom. 

As e. safeguard agains;t possible accidents due to the 

considerable amount of hydrogen gas escaping from the evapor

ating liquid, the apparatus is so arranged that the spectro

meter, x-ray tube and accessories are in one room, while the 

top of the crystal (from which the gas escapes) projects 

through a specially constructed partition into a gas hood in 

t,he adjoining room. The vapours are swept fr·om the hood at a 

considerablE" rate by a large exhaust fan. Great. care was 

taken in making electrical connectiions wit.h sparkless switches 

etc , in the hydrogen hood. Direct connections to the heliillll 

supply are permanently installed at the hydrogen hood as are 

the ordinary utilities plus vacuum mains, hydrogen gt.1.s mains, 

etc. Liquid hydrogen j_ s introduced into the apparatus by means 

of vacuum insulated t~ bes made in the shape of' i.•:s. One half 

is attached to the hyc.i:cogen Dewar bottle and the other ha.J.f 

slips into the upper pa.rt of the cryostat. The L's are slipped 

17 



together and the hydrogen "pu.shed11 across by ·the pressure gen

erated by ~he evaporat;ing hydrogen. The flow of helilu11 re

quired to ma.int,ain a given temperature varies from O - !50 cc. 

per second. The flm,· is throttled by a needle va.lve and 

measured by a simple mano!ll.et,er which registers the pressure 

drop over a given coil resistance which is pla.ced in series 

with the helium flow on the low pressure side. The pressure 

of t,he entering gas is only two or three atmospheres. Consider

able care in properly removing moisture and other ee.sily conden

sable impurities must be ta.ken to a:.roid 11 freezing" in the 

hydrogen tank coils. This purification is accomplished hy 

connecting a charcoal trap cooled by liquid air in series with 

the apparatus on the high pressure side. 

Results 

Measurements v,ere made in the second, third, and fifth 

orders on pure bismuth crr;stals. The range covered wa~; from 

25 degrees absolute to the melting point of the metal. The 

na:l:;ural cleavage plane was always employed. In the following 

table the :results of these measuremen·l;s are given. 

18 
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Da:te Order of Refl. Temp. (Abs.) dD X 1011 

(change in lat-
tice spacing) 

6/10/52 2 294.2 (Room) 0 
n n 523.0 1.44 
" " 350.0 2.88 
" l'I 371.2 4.94 
" n 391.3 6.35 
If n 416.4 7.79 
n " 434.5 9.11 
" It 1Jc54.6 10.70 
" fl •:172.5 11.63 
" " 514.9 14.52 
ft It 553.4 15.51 

8/9/34 5 30.2 -18.00 
It n 55.0 -17.85 
ft " 56.1 -16.88 
n fl 63.9 -16.60 
tT " 75.2 -15.55 
n " 96.3 -1,:1.12 

8/2/54 II 123.0 -13.15 
n ti 154.6 -10.05 
l'I n 162.1 - 9.98 
" II 189.7 - 7.56 
" " 247.0 - 2.96 
" " 294.2 o.o 

7/5/32 " 523.5 + 1~46 
" t, 346.5 2.90 
It II 349.5 2.97 
" " 373.0 4.48 
fl n 395.5 6.08 
" n 455.1 8.97 
" n 472.0 11.80 
n " 511.3 i4.08 
u " 531.2 15.28 

8/21/54 5 52.7 -17.55 
" 11 42.6 -17.20 
n n 48.5 -16.90 
11 II 56.0 -16.35 
" ll 64.5 -15.90 
n " 71.8 -15. L_b8 
n tl 81.2 -14.65 



Date Order of Re.fl. Teurg.(!bs.) dD X lQfl 
(change in lat-
tice spacing) 

8/17/54 5 . 97.0 -15.55 
n II 125.9 -ll.50 
ti It 151.2 -9.65 
fl 1t 186.3 -6.72 
II " 216.8 -i.14 
n n 226~0 -4.2~ 
fl n 236.3 -3.32 
ll tt 256.l -1.84 
11 Tl 294.2 0.0 
Tl 11 348.2 +2.88 
n n 594.5 5.92 
ff II 430.8 8.20 
II ff 461 . 3 11.3 
It n 505.9 13.7 
11 ti 536.7 15.9 

The .figures 6, 7, 8 give the complete data plotted 

for the second!/ third, and fifth orders respectively. Figures 

9 and 10 are plotted on a larger scale to show the region from 

zero to one hundred degrees absolute for the third and fifth 

orders. By measuring the slopes of these lines the following 

results concerning the coefficients of expansion a.re obtained. 

(Table 2) 
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Table 2. 

Order of Refl. Temperature {Abs.) Coeff icient x 106 

5 30 7.8 

5 55 8.5 

5 35 9.4 

3 45 ll.6 

5 45 12.5 

3 55 l5.2 

5 55 16.2 

5 70 16.9 

5 70 17.0 

5 80 18.6 

5 80 18.7 

3 90 ... 260 19.2 

5 90 - 260 18.8 

3 260 - 348 12.7 

5 260 - 348 12.7 

2 275 - 548 12.9 

2 348 - M P 17.6 

B 348 - MP 17.45 

5 348 - MP 17.45 



As is immediate~ ~p~erved the only region in which there is 

a. S.,tG'w:t.t change in ~l-11te'. of th1} ,coeffiJili~t i$ th~:t, ~iQ'tt;:100.,e 

degrees absolute. Beyond that point two changes appear~ namely 

the definite break which shov;s up in all orders ( and hence can

not be the result of distortion in the apparatus) at 548° abs. 

or 75°c., and secondly, the even sh~rper break at about minus 15 

degrees Centigrade. In figure 11 the vtlues below 100 absolute 

taken from the third and fifth order reflections are plotted, 

and a smooth line is dravm through the points. In this region 

it was thought advisable to test the Grueneisen rule since only 

here did the expansion coeff icient curve resemble the customary 

specific heat curve. Since no direct values of' specific heats 

were available in the region interested, it seemed best to take 

the characteristic temperature for bismuth obtained by specific 

heat measurements at Leiden13 in the region below 20° .Abs. 

Since their values of the specific hea.t there conformed remark

ably well to the Debye theoret,ica.l values, an extrapolation up 

to 100 Abs. appeared to be in order. The results of the se 

calculations appear in table 3 along with the ratio of the coeffi

cient of expension to the calculated specific heat values. It 

is immediately evident that this relation is satisfied only in 

the lower temperature regions, but begins to fall off slightly 

below 100° absolute, where the specific heat continues to rise 

filld the expension coefficient remains very nearly constant up to 

27 
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Table 3. 

Temp. (Abs) 35 40 45 t50 

Specific Heat ( oa'.j.e} l.812 2.124 2.406 2.646 

(Expansion coeff. 106 9.0 1O.a 13.9 13.9 along 1,1,1 ans) X 

Ratio op/ c,:, :z: 10~6 2.01 1.06 1.95 l.93 

TeJJ1P. ( Abs ) 60 '10 80 90 100 

Speott1c Heat (calc) 3.066 3.384 3.648 3.864 4.044 

(Expansion coeff,. 
106 15.8 17,0 1·1.s 18.6 18-9 along l,1,1 a.xis) X 

Ratio O'p/ rx X 10·6 1.94 1.99 2.05 2.,06 2.13 

260 degr.ees. At the two points at which the expansion coefficient 

takes sharp breaks, sim1lar breaks would be expected in the 

speoifio heat values u· the GrueISiaen rule is to be obey-eel. At 

the 7f>°C. :point n(;) 'break has been reported in the specific heat 

Uterature, 14,15 and it appears that there is a definite te.1lure 

of the therraodynamic rule at this point. Concerning the point 

at •l5°c., o.nly preliminary results are available on speo1fic 

heat measure:roonts. Since these are not sufficiently reliable to 

base ccmelusions upon, it might only be mentioned that there 

seems to be evidence for a break in the apecifie heat curve at 

this point, as would be predicted by the Grueneisen rule. 1~t 

29 



this time it should be mentioned that one should only expect the 

Grueneisen rule to be valid in the present connection providing 

that the ratio of the volwne expansion coefficient to the coef

ficient along the hexagonal axis is itself a constant. This 

is observed in the opt,ica.l. expansion measurements, and in the 

case of zinc this ratio is maintained throughout a considerable 

temperature range according to measurements by McLennan and 

Monkman. 16 Hence it ssems quite roasonable to expect no fillure 

of the Grueneisen rule from this poL~t; and to attribute the 

failure to a more fundamental cause. 

Discussion 
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In view of the rather good agreement in all three orders 

in showing a break at 75°c. and constant values beyond there up 

close to the melting point, it can be said that there is no sub

stantial difference between the x-ray e..nd the optical measure

ments in the 75° - 265° centigrade region. From room temperature 

to 75° the x-ray value (about 13 x 10-6) seems to be definitely 

lower than the optical value (about 15 x 10-6). It is unfortun

ate that the optical measurements have not been carried on below 

room temperature in order to see whether or not a similar break 

occurs there a.t minus 15°, since the region from -15 to +75° 

seems to be a ntransitional" region between t wo larger regions 

of rather constant expansion values, and it may be possible tha.t 

in this transitional area alone there is a real difference between 



the two types of expansion. Earlier measurements by the optical 

method by Mr. Ho of this laboratory showed a rather rapid de

cline in the expansion coefficient around 2so0c. whereas the 

x-ray measurements failed to show this. This was at first re

garded as a real difference between lattice and macroscopic 

expansions, but subsequent work on more pure C!"'JStals has failed 

to reveal this break, ma.king the agreement between the micro-

and macroscopic work quit,e good from 75° centigrade to the melt

ing point. Below room temperature no values are available, for 

a comparison with the macroscopic work. The sudden change in 

expansion values at -15°C has not, previously been recorded to 

the author's knowledge, and since the 75°C point has alreedy 

yielded interesting results in o:l:ther properties of the crystal, 

the point below zel'O should likewise prove interesting. 

In rega_'Y'd to the Grueneisen rule it should be said that 

it has a limited region .of application only; namely, that below 

100° absolute; that it fails at such points at which the 
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expansion coeff icient takes sudden breaks, such as 75° centigrade, 

unless the values of the specific heat are not sufficiently 

accurate to show the break. 



PROBlJiJM II I 

,X .. HAY IIfr}~}TSITI ES M3 A 14'UNOTION O]' TEMPJ,.JRA':111:JRE 

( from 25o ... '530° absolute) 

Introduction 

In this portion of the work, the interest was centered 

only on the total integrated intensity in e. certain order of 

reflection as the ceystal was turned through its rocking 

angl~. The temperature range cave:x-ed we.s pr aetically the 

smoo as that in problem 2, that is, 1'rom 269 absolute to e. few 

degrees Within the melting point of the metal. These measure .. 

manta furnished data to test the Debye heat factor tor x-rey 

intensities. and besides were of interest because of the exis .... 

tenee of a hysteresis in the higher temperature regions. 

Furthermore, it was desirable to qee at thoae points where the 

cot,tt'icient of expansion took sudden changea, whether or not 

stn4lar discontinuities could 'be found in the integrated intan ... 

sity•temperature oUl'Ye. 

Apparatus 

The apparat~ employed in this pant ion of the work is 

essentially that 0f problem 2. 'l'he same x-ray c:ryostat .. and 

general spectron:eter set-up was used. Hewever, to enable th& 

observer to take integrated inteneity readings upon a reflected 

x•ray' line without the necessity of plotting the line trem a 



eonsiderable number of observations and then measuring the ere.a 

of the same, a small motor with reduoti.on gear was connected 

to the axis oi' the crystal table. 'this made it posai ble te 

run the crystal at a.ny desired speed through its rooking 

angle, the total charge regietered on the eleetrometer than 

served as a d1reet moa.sure of the integrated intenai ty- o:f' the 

linie. The lllB'Vable sl 1 t mnt ioned in problem 2 is for these 

readings placed at the eente:r ot the line and the slit itself 

opened sufficiently wide so ae to receive the whole line, not 

only at room tem:pera'tu:re but at the other temperatures at 

which the line is naturally displaced. Great care was talt:en 

in these readings to provide sufficient shielding to cut down 

backg:reund radiation to a 1llinimum. The alwn1num windows on 

the cryostat, although they decreased the total intensi t;v 

somewhat, had the benefio:l,al effect of gi"\fd.ng a higher ratio 

of integrated line intenuity to background intensity than the 

apparatus gave before the Window e.ssembly was waxed in place. 

It should also be m3 ntioned that the readings above room tem

perature were made before the construotion o:t.· the vacuum 

cryostat had taken place, and. for these the crystal was 
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mounted in a small eleetric furnace supported by a pyrex holder. 

To reduce surface oxidation to a mim.mum the furnace and crystal 

were surrounded by a cellophane windowed enclosure into which a 

s:roe.11 stream of carbon-dioxide gas was introduced. 



Results 

In all of the fQllowing readings the integrated in ... 

tensities a.:re given after the :proper oorrectien f0r gener·al 

and conti :nuoua b.ackgrGund have been made. Table 4 below g1 ves 

ao1oe intensity measuremnta based on l:'O(l)m, temperature 294° 

absolute as a ref'e.re])A)e,. 
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Table 4 

Temp(K.) 

527.0 
507,.0 
4:110,5 
431,5 
389.5 
344.,5 
294. 

ff 

221.0 
182+5 
143.0 
95.a 

26$ 
66 
62 
36 
29 

537.0 
614.5 
4'75.5 
438.0 
J9'l.O 
353.5 
294,5 

294.5 
210.0 
l,65.0 
105.0 
58.6 
71.0 
83.0 
27,5 

!/Io -
0.770 
o.741 
o.741 
o.774 
Oo83'1 
0.-906 
1.000 
1.000 
l.140 
1.216 
1.279 
l.361 
l.-060 
1..-2-92 
l.4'14 
1.539 
l.t)63 

0.861 
0.009 
o.eeo 
o.e1a 
o .• 922 
0 .. 956 
1.000 

1.00 
1.44 
l.82 
2.50 
2.84 
2.68 
3.16 
3.30 

l.ofUO I/Io ( +l) 

0.880 
0,8'10 
o.a'lo 
o.889 
0.923 
o.968 
1 .. 000 
l.,000 
l..057 
1,084 
1.107 
1.131 
l.,026 
1,164 
1.170 
1.188 
1,.194 

0.956 
o .• 924 
0,956 
0.044 
o.958 
0.980 
1.000 

1.000 
l,.l,60 
l.270 
1•398 
1,.452 
l,.428 
l.500 
l.519 
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The data gi.Ven in the above table appears graphically 

in figures 12, 13, 14 in which the logarithm of the intensity 

ratio is plotted ~nst the absolute tein.perature. It will 

be seen thtlt etxcept tor the region within SbPN~tely torty 

de~aa of' the mel,:ti ng point that thG resulting plots are 

straight 11ua e.s would be predicted fi!om the exponential. form 

2 

I -k sin 8 T I -= 0 e 

In these pU.\1 the absolute absence of di&oontUJ.uities at 

•15 degrees end +75 degrees eantigrade {the points at which 

the d1aoont1nuities in the expansion took plaoe) "ta evident. 

Perhape the mo&t unusual and whelly unexpec~4 t~ature 1e tho 

actU$l tn~l'eue in intensity beyond 200 degrees centigrade, 

Thia as indioat-ed before, .as accompanied bf a l\vstere-sie eff'eet 

whieh 1a beet aeen by reference to figure 15. In tb.i,s :figure 

four plo\8 ~ given. Plot 1 lthows the. etr-eet ot' niaing the 

tel1q)&~ature of a prev1ouai, "que-n.cmed,. or,attal and then lewer

ing the aam;:,. In plot 2 the cryst$l had preciously been in 

an annealed condition and its tem~rature raised, then lowered; 

it accordingly showed no eystereais. Plot 3 is similar to 

plot l. 'l'he crystal in plot 4 is heated after annealing (upper 

curve) then. immediately quenched and reheated. In all eases, 
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1 t will be noticed a OYJ'stal being cooled or an annealed e.rye ... 

tal being heated fol.low the Sant (upper ) type of eurve, Vlhile 

the non•annealed e17atal i"ollows ·the lower type of ourve. 

DISCUSSION 

'l'ha results of this seetion confirm the theoretical 

Debye heat :factor for x ... ray intenei ties even beyond the 

limitat.ions of the original theory,l'i which was for simple 

cubh orystala el.one. However, from the -work ot We.l,lerl8 

1>ne would expeot bismuth to fi>llow the exponential law. 

The e.gJ:-eern.ent ie, however, much better than any prev1~us 

workl.9,20, 21,22 i'amillarto the author. It was interesting 

to see how f'a.r the reaulta of the theory tor the cubic case 

could be carried over for the he~ag.Oll¥ lismuth crystal. With 

this in mind, a test i'or the &'inf?. s faetol" me-ntioned above 

was madeo The e here is,, of eourae, the Bragg angle. The 

results of thi.s test ue briefl.1 this: 

Order 

5 

3 

2 

.202 

.072 

2 sin ratio 

1.00 

o.51 

nt10 of 
exponent!~ taotors 

2"'' 

1.00 

0.46 

It 1e i.mn:led1a tel.v seen that the law 1s approximately obel'ed, 



the deviation being in the direet1o:n of higher expenent1al 

2 ratios than sin ratios. This would indicate a gr.eater 

crystal 'die0rder' in the bismuth Ol"Jstal with r!s1ng tempel'

ature ·than would be found in a euoio crystal. Mention ~houl.d 

also be made et the type of de:viatic>n from the Debye law 

aboite 200° eentigrad-e. James, employing Ma Cl :round a 

greater diminution of intensity than is eal.led tor by the 

Debye law. In this work the intenei ty is great.er. Tile e:id,e,,. 

tenoe of' the hysteresis perhaps lends a clear picture as to 

the cause. Certainly it cannot be explained by any perfect 

crystal :picture. A certain type of eeystal "i,epair" must 

take place. This is i tael:f hard to explain even. tllough 01li\l 

uaea m)Saic crystal ides.st tor en inereas.e in temperature 

41 

should only result in greeter disorder of the blooks themselves. 

It then see.rue reasonable to attribute the cause to changes 

which are known to take place in bismuth at this temperature, 

Namely, t:rere seems to be a reorgani•tion <>f the S.mpurt ties 

ar~und this point, as is evidenced by the difference in dila ... 

tion measurements made on almost pure bismuth and vaouum 

distilled bismuth. 23 If then, the impudti.es break awew from 

the arystal block crevasses vmere they Sl"e aup:posed to be 

lodged and redistribute themselves in mme faal1io.•!!l about the 

crystal, it may happen that the "secondary- extinction" may be 

su.:fficientl.y changed so as to make possibl~ this rise in 



intensity. The time faetor involved in the redistribution 

of the impurities then might explain the hysteresis e:t'fect. 

The final decision of this problem then awaits new measure

ments on purer crystals if they can poasibl.3r be obtained. 
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