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CHAP'I'ER I

INTRODUCTION TO THE PROBLEM

examples Wh,i'!D a substance is c;,:msidered !():f' a nuclear reactor structural

material" it:,s tleutNJn C:,r'QBS section is of' primary importance. Or if it

radio<:!c':ti'!!e i sot.ope s' a knowled.ge of the cr-oss section is userul , The

value of the er-os s sectd.on may f'u..-nish :informat,:J.ou about nUI~lear struo-

exeltet1.on energie!% in the ned,ghbcrhocd of' six to eight M<le.vo

The thermal neutT'on ,~aptu:r'61 (::1"(;:88 section of holmium has been
':1

measured by W~ Bothe;,'''' who :repox'ts 49 barns, 'by Ser'en 9 F.riadlander, and
~ ~

Turke19~ who report 59.6 barn3~ and by' E. Pomeranc$"/ who reports 64

bar-ns 0 T!'1e f':Lrst· t;WiJ; 71alues were o'tr':,.;rlned by the 8eth'atlan technique~4

2teo Se!"en." Herbert, No Friedlander;l and Solomon Eo Turkel,9
"Ther'mal Neutron A:c:t.ivat,icn C1"065 Sections 0 It the Pb:'l:stcai Re'l'i~.9

72~888=901;) 1947. ' ,

3u Pcmer'an " ..,.4J. ('l w' .. ..\. 0;;.1,,>:,,:</...;. ~~ ~l



while the Labt.e r result was obtained with the pile osctLlat.or , 5 It is

believed that the total neutron cross section of holmium as .a function

of neutron energy has not previously been measured.

The cross section measurements as a function of energy were by

the t.r-anemi es'i on method. This technique requires a collimated and

monoenergetic neutron beam. One places a detector in the beam and

counts the neutrons with and without the sample in the beam. Back-

ground counts are taken for both of these conditions. Then the trans-

mi.ssion of the sample is detennined as follows:

T = ,I P
10 - f3 0

yo/here T is the Transmission, I -;3i8 the counting rate with the

sample in the beam, minus the background for this condition. 1
0
-130

is the counting rate i,,'ith no sample in the beam, minus the background

for this condition.

The value of the cross section, 0 , is calculated from the

measured value of the transmission. The relation between the cross

section and the transmission may be derived as follows. Consider an

infinitesimal thickness, dt, of the absorbing Layez- of thickness t .

Let I be the intensity of t he neutron beam incident on the ir.l'initesirnal

thickness dt , If vie assume t hat a single collision r-emover, the neutron

from the beam, the fraction of I which is absorbed in dt is d I
I

and

5J. I, Hoover, W. H. Jordan, C, D. Moak, L. Pardue, H. Pomerance,
J. D. strong, and E. O. Wollan, "Measurement of Neutron Absorption Cross
Sections .~.with a Pile Oscillat or, 11 The PbIsicalReview, 74: 886-870, l':j\48.

- 9 -



thisis proporti ona.l, to dt :

d 1 = -C(dt
I

The negative sign is used because the intensity decreases as the beam

passes through the absorber. The constant of pr-opor-t.LonaLi ty a., is

usually called the absorption coefficient in X-ray and gamma ray work.

In keeping with the assumption that a single collision removes a neu-

tron from the beam, it would be reasonable to say that a... would depend

on a property of the atom under co~sideration, i.e., upon the effective

area which the atom presents to the approaching neutron and upon the

number of atoms DeI' unit volume.

Let us denote this effective area as 6and.the number of atoms

per cubic centimeter as n , Then!l..= nO-and the differential equation

may be written as follows:

d I
I

-n ~dt

If we denote the beam intensity which is incident upon the surface of

the absorber as 1
0

, and integrate with respect to the thickness of the

absorber, we have:

dtd I
I

In -L. =-n (J'" t
10

I _ e - nt 6"

1
0

'Thus the transmission is
- nt ()

T ::: e

- 10 -



This is the quantity which is measured. The cross section may be

calculated from the above expression as follows:

-In T
n t

The cross section is usually expressed in barns. (One barn =

10-24 cm2 . )

- 11 ...



CHAPTER II

APPARATUS AND PROCEDURE

In ordiZ!" t,o obtain beams of neSl!"ly monoclromati.<:: neutron wave

length or e.n!3lrgy!, a neutron crystal spectrometer was used" This in-

strument is art old. X~ray spectrometer whioh was originally set up
,

for use with neu:tr(;ns by L" B" Borst and aasocdabes n'" The instrument

was thoroughly ::lverhauled and revamped for use in. a program of measur-

ing the total cross sections of small samples of certain rare stable

and radi.')/ilctive isotopes.2 The results of some of the new fe.sturess>

whose description is given below along with a general description of

the apparatus; were to increase the inci.dent neutron intensity and to

decrease the background count by large factors; thus permitting the

use of sm~ller samples with mueh better counting statisties. A photo-

graph of the instrument is giyen in Figure 1. Figure 2 is a schematic

diagram showing the spectrometer inplaee and its relation to the

neutron beam C'ollimator and the sample" The C!"y'st;aJ. is me-noted so

that, its axis of' N,tation coinc:icles wit:h the .axis of the circular

scales and is abtrllt fourteen inches from the face of the pile" The

counter tube is ID(fffint,ed on an arm so that its distanc:e from the crystal

is about five teet,. The angule,t' position of' the crystal and of the

counter can be read to one minute of arc.

1L• JL Borst)) A~ J" Ulric,h;l C" L. Osborne:; and B" Hasbrouck!,
the PhYSic~J. R~.i:e!~ 70t l08 J 1946"

2S. Bernstein~) J" B. Dialjl C" P. Sta:oford~ and
6T"

E. St~phensonp
nTotal cross Sections of Small Samples of fit jl Er.s> tii 50.l' and HiCO .from
Neutron crystal SpeetJ:"Ol1leter Measurements" n The PhJ{s,ical Review,
75~1:302..9 1949 ..
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The spectrometer is of the bent crystal type, the e~-vature

of the crystal being adjustable. It can be seen from. Figure 2 that

grating in optlr:.al spectroseopy.-' The sample;)sbO"J.t fC1Xf' feet inside

the pile shielding, the cr-ystals and the ccunter all lie on the Row-

so that. its radiu,s of curvatur-e is equal to the diameter ot the

Rowland eircle 0 In tn,e usual mount:1ngs used fro. eptzl.ca.L spectroscopy9

the diameter of thf:l Rcwlar...o. circle is fixed and two of the three

elements on too circJ.e are movable" The neutz-on <)X'ystal spectrometer

used in this e'APeI'~tment differs from the Paschen mounting in that only

d ecte(~t,ol'$ to ehange the angle whioh the (':rystal pJ:"aserrts to the beam.

equal to the di.amete:.:' of the new Rowland cireJ..,s ~ Each energy setting

has a different RowlL'loo circl6l c

good ..
1:'

can !:lot· be perfect.?

';'

....;'Fra!lr::iFJ A. o

Q£tics {New Yark~
,Jenkins and Ha..""17e;Y' E Q Wbit.e , ~am.e.n;tals ('if J'A,ysigal;
McGraw Hill Book CompaQY~ Inco 9 1937)$ pc1676

4~s.o~ ppo 166~'l67.

s:
:;Arthur Ho Compton and

ExperiW.§!?1 {New York~ -Po Van.



the crystal is bent so that the at<;.mic planes coincide with concentric

circles of radius equal to the die.meter of the Rowland circle and

ground so that the surface has a radiu.s equal to the radius of the

t,
Rowland ci~cleoY

Figure .3 illustrates the overall performan.:Je of the instrument.

It shows results of measurements of the total neutron cross section

of eadmium., a substance whose neutron properties have been very

thoroughJ.y studied by a variety of methods because of its common use

in slow neutron experimen.ts 0 The figure comper-es our results with

results c,btained by Rainwater et a1 and published in the Reviews ,2f

Modern ,nlysj£.,@..? The fact that O'Ut' ma:rlmum cross section value is the

s arne as the puhlished one suggests that, the resolving power of our

instrument is as good as theirs 0 The fact that our determination of

the energy at which t.he maximum of the resonance occurs agrees with the

accepted value, checks the accuracy of our absolute en.ergy scale. The

full width at half maJdmum of the cadmi.um resonance curve is 0 ..11 e ..V.

The fa~t that it was easi~ possible to trace out this curve with our

in.strument,\' suggests that efle!'gy differences less than 0 001 e.v .. can

be readily dist.inguished by the apparatus in the region of the cadmium

6I bi d • s pp 0 '753-7540

'lB. B. Goldsmith, Ho W. Jbser-, and B. To Feld, "Neutron Cross
Sections of the Elements, tt Reviews o.f~ Modern ~hysics~ 19: 282" 1947"

'.' 16 _.
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FIGURE 3

CADMIUM CROSS SECTION VS. ENERGY
MEASURED BY TWO TUBE METHOD

-- EXPERIMENTAL TWO TUBE METHOD
---- REVIEW MODERN PHYSICS - OCT. ~7

JI J2 .14 .16
NEUTRON ENERGY' IN e.v.
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The crystal used is quar-tz and is five inches by one inch by

one millimeter. The crystal is ground so that the 100 planes are

parallel to the surface and it is the Bragg reflected beam from these

planes which produces the monoenergetic neutrons. The crystal acts

as a grating, the distance between the 100 planes being the grating

space. The relation between the wave length of the Bragg reflected

neutrons and the glancing angle (the glancing angle being the comple-

ment of the angle of incidence) is given by Bragg's law.

n A :.2d sine

The fomuia for the grating space, d, for a hexagonal crystal such

as quartz, is8

1d - ~__

ao =: 4.9 angstroms for quartz. 9

Since it is thelOO planes which produce the Bragg reflection, the

Miller indices are h = 1, k =: 0, 1 ~ O. Substitution of these values

into the above equation gives d =: 40243 angstroms.

It is desired to obtain the relation between the energy of the

particle and the glancing angle. Since the only case of interest here

is for first order reflections, n is set equal to one in the Bragg law:

1\= ;2.d sin e
8~1art.in Buerger~ ~-Ray .CrystallographY (New York: John Wiley

and Sons, Inc~, 1942]J p. 103.

9Ralph W. Wyckoff, Structure of Crystals (New York: Reinhold
~ablishing Corporation, 1935), po 26.

- 18 -



For It one substitutes the de Broglie wave length, getting

...-.12 =2 d sin e
mv

Inserting the relation between momentum and kinetic energy into the

last expression, mv = " 2 ill E, it follows that

2 d sin IJ ::: -;:==h:=:=:_
~2mE

h:: ------.;=--sin B
2d~2mE

Making the appropriate substitutions for the constants, h =6.6242 x

10-27 erg-sec, d =4.243 x 10-8 centimeters, and ill = 1.6747 x 10-24

grams, gives

sin ():: O.~65 JUQ.-7

fE
where E is in ergs. Neutron energies are or-di.nar-f'ly expressed in

electron volts. Changing the uni ts of E to electron volts gives

sin () ::
O.OOll)5...2

E

This is the relation between the g lancing angle s r; , and the energy,

E, in electron volts.

Figu:re 2 shows how the marimumnumber of neutrons fran. a L 5

millimeter source are made to fall on the crystal some five feet away

by means of the graphite collimator. At its origin deep in the pile,

the beam Ls 3 - 3/8" x 3 - 3/811 square in cross sectional area. The

collimator Causes the beam to converge uniformly upon the sample.

- 19 -



The beam is 3 millimeters in diameter when it emerges into the cavity

of the graphite stringer section which contains t.he sample. (See

Figures 4 and 5.) Figure 4 shows this grapr.J. te stringer section with

the sample containing assembl)·~ which is kriown as the wafer ~ in place.

The neu.tron beam is here defined by a pyrex glass capillary tube, two

inches in length and 1 ..5 millimeters in diameter. The beam is then

allowed to diverge as it leaves the sa'!lple 9 emerges from the pile

shielding~ and falls upon the bent crystaL Figura 2 shows how the

sample is located at the common apex of the two cones of the collimator.

In order to test the assumptdon that the beam was really defined by

the boron containing glass, the hole of a capillary tube was plugged

with a close fitting boron steel rod and t.he counting rate of the re­

flected beam was determined with this arrangement in the incident besa ,

The counting rate was fourrl to be just equal to the background within

0.03 e.v. to 0 ~5 e ,v O)l the effective energy ra.nge of the instrument.

As stated in the int.roductionjl when taking transmissi.cn measure"

menta, it is neces.sary to count, the beam with and wi.thout the sample in

its path. 0 One might think t.hat 1.t would be much .mor e convenient to have

the semple located. se:y at the face of' the pi.l~ shielding rather than

four feet inside that shielding. This is undeniably the case for then

it would be e. simple matter to place the sample in the beam and to re­

move i t~ frc'!l1 the beam 0 One does not alw8,ys have the luxury of the

availability of pure large samples, however, and since t.he beam is over

one inch :in. diameter when it emerges from the pile" a sample would

necessarilJ7< weigh several grams. In t.his par....tic:ula.r case somewhat oVer
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FIGURE .4
SAMPLE SHIFTER SHOWING WAFER IN PLACE
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one hundred milligrams of very pure holmium orlde were available.

Herein li.es the edvan.tage of locating the sample at, the apex of the

cones of the beam.

The sample shifter (item 6 of Figure 5) of the sampl~ shift­

ing stringer is opera-ted remotely from outside the pile by means of

a leva.'":" (item 1 of Figure 5) and alternately places either the sample

or ~l blank cont.ainerin the beam. The reqniremerrts placed on the

sample shifter ere severe. One must be able to shift alternate tubes

i nt.e; the beam repeatedly and get X'eprodu~ible co'u..nting rates through

them. It is mar.rlsto:r.y that t,he axes of the t,wo pyrex glass capillary

tubes be parallel. The construeti.on of the sample containing assembly,

known as the wafer and shown in Figure 6~ determines whether. the tubes

will be parallel or not. It is necessary, therefore, to select a

wafer which fulfills this requirement. The apparatus was designed so

that the axes of the two pyrex capillary tubes could be adjusted

parallel to the axis of the cordeal collimator hole.

Mjustments available on the sample shif~er mechanism are ad ...

j ustable s tcps , item. 4- 01' Figure 5, and eceentr-le $h.;\fts for le1tel

positioning (item 3 of Figure 5). The wafel.'" or sample containing

assembly is shown in Figure 6. It is shown in, positien on the sample

shifter carriage in Figure 4. The bottom view of' the wafer in Figure 6

shows the three hemispheres which seat themselves in the matching r-e­

ceptacles of the sample shlfter carriage)1 (item 6 of Figure 5). It

also 5hoW;3 the pel"manent m.sgnet located in the bottom of the waf'er~ the
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purpose of' which is to keep the hemispheres seated properly during

the shifting operation. Adjustments available on the wafer are

first in the vertical direction by means of the two hemispheres

labeled item one of Figure 6 and in the horizontal direction by

means of the ro'blble eccentric half ball labeled item 4 of Figure 6.

The wafer is made of aluminum and, as shown in Figure 6~ holds two

parallel brass tubes whi:~h house the glass capillary tubes" Figure

7 shows how the sample tube is made up , The pyrex glass ::lapillary

tube (item :3 of Figu.1"e 7) 9 either empt,y or containing the sampls$ is

pushed into the b"l"SSS tube» (item 4 clf Figure '1). Koroseal gaskets;

(item 5 of ~l@lre 7), seal the ends of the glass capillary tubes.

The final seal i.s made ~,.ith ailieor,e lubricant, sppUed to the alu­

minum end plugs~) (item. 1 of Figure 7)~ whi(~h slip int,o pla.ce in the

tapered. stainless steel female jotnt {it.em :2 (;"f Figure '7) ~

The most SBV'eI'e test. one can make of the perfox'lll.ance of the

sample ahifte>":" is to measure the counting ra"te.:::"atio fer the t"\!I10

tubes in, i.;he re.fle~ted beam. This has been done mal41 times, the

ratio beir~ within the statistical aocuracy~ Another requirement is

that the peak of' the.!'Cocking C':UTve for ons tube shou.ld oQin'Zide, in

angu..lar setting~ with the peak oft-he rocking curll€, from the other

bube , Othe..'t"w:lse t,he ratio will be far from one, and a small error in

ar.gnlarsett:i.ng might, make reproduction of the ratio impossible so it

is desirable to have the rocking ourves displ~ flat enough peaks to

permi~ a small error in setting crystal angley without affecting the
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countir€ rate ratio of the two tubes_ The object of the rocking curve

is to assure one that the peak of the R~agg reflected beam is being

used and it is taken. by rotating the crystal unti.l the Bragg peak is

established & J?<i.gtll"'9 8 ShClIH:l the r¢:'cking curves for both tu.bes and

illustrat.es how the peaks of, the t,wn curves ·:;:oindde and the relatbre

flatness at the t op , T'nis flatness was achi€nred largely by using a

six millimetel1" ,~,.:m.ntel~ glit :rat,he~' than a sm.aller one such as 3 milli-

mete-ciS. The rooki.ng Cl.l!"V!SS wet:"e -(,aken, by holding the counter angle

fix.ed and :'ota:hing the crygtal~ first with east <:;apilla:::oy tUbe in the

incide~t beam (solid line), and then with the west "tube (dotted line)

in t.he neu'trc,n beam~ Figure 9 is a plot of the ~;(!Ulrt.ing rate ~~atio of

one tube to the ether versus crystal angliZl.. T.r~is is usually called

the east to west ratio and illustrates the ~Jint t~~~t~ since one can

set the circti.laI" s~ale to one minute of Bri:::J t,here is no need to be

concer-ned abouf a small error in a:r~lar setting causing an error in

the east to west rat,io~ The eMtto west, ratio is', import-ant, sd nce all

Beginning with Figure 10 ar-e a series (1£ gl'Ciph5 which surnmarize

Fig'U1"6i Sh01NS how t.he background ccuntd.ng rat.e varies with energy"

Bot.h of these graphs are fOT' a two millimeter source ~ The reason for

the sharp :dse in backgr-ound at about 0 ~4 e.~v oi8 that the glancing

angle is g'3tting quite small (J0 :>1) and hence the e(:lJ.J:~-teZ' tube is get-

ting eLose t.o the primary beam 0 F"lgure 12 is a plot, of' the ratio of
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counting rate of the Bragg reflected beam to the background counting

rate. The lower curve at higher energies in the last two figures

shows how conditions can be improved by using a t,hin cadmium window

over the counter , This improves the beam counting rate to background

counting rate rat.io at 0.4 elt!lctl'on 'volts &,1(;. abov~ fo;r' t,ne following

reason. Most of the background conatsts of neutrons of energies

below 0.4 eleetrcn 'V"Jlts" Cadmium is a strong slow neutron absorber.

It has a capture resonance at 0.18 electron ~olts.lO The high cross

aeoti,)n pe=sists to zero energy hut falls off rapidly liboV6 .18 elec­

tron volts. For example, the cross section at resonance is more than

seven tho'~~and barns while at 0.4 electron volts it is about one

hundred barns" C•.:msequently, in e.f.fect~ all neutrons having an energy

above a c~~tain ffcut~offR are transmitted essentially with no attenu­

ation. The energy 004 electron volts is above the ncut~off"and is

transmitted preferentially over background neutrons and hence the

a1 tuation 1.13 considerably improved 0 As one might, expect from the two

previous curves, t,he most favorable counting rate occur-s at about .05

e.v" and the s~;.tuation becomes very poor at O.,4e.'&·o,\l partly' because

the backgr-ound is .increasing rapidly her-e, and pa:tly because the Bragg

reflected beam co'unting rate is ra,pidly falling off" The variation of

countdng rate with energy' corz-esponda, of ecur-se to the fa"3t that the

incident neutron beam is a Maxwell 4istributiou.

1~" H. Goldsrrd.th~ n, s, Ibserjl and B. T. FeldJ) l2.£. cit.
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Proper adjustment of crystal curvature gives optimum focussing

and hence maximum counting rate and optimum resolution. Figure 13,

which is a plot of counting rate versus crystal curvature, illustrates

the sensitivity of counting rate to crystal curvature. While the

abscissa is in arbitrary units, one can get an idea of what these units

mean in terms of radius of curvature by looking at Table II in the

chapter called "Resolution. Ii For example the radius of curvature at

0.026 electron volts is 296 inches while at 0.5 electron volt it has

increased to 1300 inches. Figure 14 shows the perfection of focussing.

It is a plot of counting rate of the reflected beam from a two milli­

meter source versus the slit width in front of the BF3 counter. With

perfect f'ocuse.ing the counting rate would have reached a maximum with

a slit width of 2 millimeters. Instead we see that it reaches about

00% of maximum at a slit width of three millimeters.

It should be noted that ordinarily transmission measurements

are not taken below 0.03 electron volt nor above 0.5 electron volts.

The reasons for not going above 0.5 electron volts have already been

discussed, Le., a high background vdth a decreasing beam intensity.

Below 0.03 electron volts the higber order effect becomes appreciable

and makes interpretation of results most difficult. For higher orders,

n is not equal to one in Bragg's law~

n i\ ::: 2 d sin e
For a given angle, (}l' and for n :: 1, ,1 1. =2 d sin B 1

for n =2" 2.1\2 :::; 2 d sin f)
1

for n = 3, 3A3 := 2 d sin 8- 1

- 34 -
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In order to satisfy Bragg 1s law, t.hen,

~'2 := ~ i\ l' and ~ 3 ::: 1/3 A 1

Since ",rave length is inversely proportional to the square root of

the energy, we have:

I
"2 1\ 1

::

Similarly the energy of the third order" E3, is:

E3 :: 9 El

Consequently, for a given glancing angle, B l' the energies El' 4El ,

9El' etc. enter the det ect.or-. The existence of higher order reflections

from the quartz crystal was shown by transmission measurements of boron

as a function of energy. When the results are plotted, as in Figure 15,

'With the negative of the logarithm of the transmission times the square

root of the energy versus the energy, one get s a straight line parallel

to the energy axis, in the absence of higher orders, since boron is a

l/v absorber. Figure 15 is Lnt.er-pr-ebed, then, as showing that higher

order reflections are pre sent below 0.03 e.v, The falling of f below

0.03 is caused by the higher orcter,Le., higher energy neutrons which

are being reflected and thus force one to measure more than one cross

section. More precisely, in addition the cross section at the desired

energy" one is measuring the cross seetdon at some nru.ltiple or multiples

- 37 -
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of this energy e Since the cross s.ection of boron falls off with in-

creasing energy, one observes a smaller cross section when the higher

orders are present.

The detector is a boron trifluoride counter, the boron being

enriched in the isotope BI O• The outer shell of the counter tube is

brass. It is about two feet long and two inches in diameter. It is

the BIO isotope which is responsible for the neutron detection.

Neutrons interact with BI O as follows~

+ + 2 d.. 4.

The voltage on the central wire is of such a magnitude (about 1900

volt,s) that the charge produced by the initial ionization is multi-

plied by perhaps a factor of 50 during the time that the charge is

being collected. The pulses delivered to the grid of the first tube

of the four stage preamplifier are proportional to the energy of the

d..., particles produced by the neutrons. A schematic circuit diagram

i s given in Figure 16.

Before measuring the cross section of a substance, it is

necessary to align a wafer and the sample shifter using the adjust-

ments previously described. Then one must take rocking curves for

both tubes in order to see if the aligned system satisfies the demands

that the peaks of the rocking curves for the two tubes coincide in

crystal angular setting. The reasons for this demand have been dis-

cussed previously. If this condition is satisifed one then proceeds

- 39 -
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to measure the cou.nting rate ratio of the two tubes 0 This is a very

important quantity and must be known very accuratelY'S' sinee all

measuredtran.smissions for a sample must be corr.ected for it 0 When

these things have been accomplished~ a sample is mourrted wi thin one

of the capillary tubes and weighed 0 In taking daba, a glancing angle

is chosen and the counteJ.~ angle 1s adjusted 0 The crystal is then set

on the peek of the roc.ld.ng curve • Counting rates are then measured

with ani without the sample in the beam and then background counts

are ta.1{:en for sample in and out of t.he beem 0

In taking background. counts one simply mo\~es the e.rystal

thirt,y minutes from. the rocking curve peak, which is more than suf­

ficient to completely er-ase the Bragg condition. This condition for

background measurements is more appropriate t,han complete removal of'

the crystal, since it permits taking into account the background caused

by incoherent scattering from the crystal and its mountingo



CHAPTER III

RESOLUTION

A calculation has been made of the resolution, based on a

Rowland circle geometry. Consideration was first given to the case

of a point source. Figure 17 shows a typical Rowland circle. The

source, the image, and the center of the crystal, H, all lie on the

Rowland circle. The radius of curvature of the crystal is equal to

the diameter of the Rowland circle.

It is now desired to know what angular divergence is possible

if S is a point source. Referring to Figure 17, aI is the comple­

ment of the glancing angle, B. It is clear that there is a variation

t
in these.angles across the grating. Angles S G C and S H C, which

we have c.alled B p and S I I Care equivalent sine e their vertices

lie on the same circle and since all of the angle s intercept the

same arclength S C. It necessarily follows that angle SG C is less

than eland also that SIC is less than e1. This is indicated in

the figure by designating angle S G C as eI-b 81 and angle SIC

as B 1 -.t» B{. The maximum deviation in e1 occurs at the left edge

of the crystal, i.e., the edge nearest the source, and all deviations

in e 1 are in the same direction. Note that in the triangles S G J

and C H J the angles S J G and C J H are equal since they are formed

by intersecting lines. It follows, then, t.hat

LJ SG + LJ G S :: L J C H + La H J

- 42 -
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Using the briefer notation as given in the figure~ this equation is:

a.. +e1 -l> e 1 :: -(fa 8 1

Then t>B 1::: d..- y'

From t he figure Y::: Q
R

and a.. is approximately equal to S sin B_ s approximate because
r

the fact that the crystal is curve is neglected. In short Cl-is

calculated assuming a flat surface rather than a curved one. The

approximation will cause a slight over-estimate of l> e, that is,

an upper limit for the value of t>&. This relation also makes use

of the approxLmation, that for small angles the sine of the angle

is equal to the angle in radians. Since the maximum value of d­

is thirty-two minutes ~ this is a reasonable approximation. (The

value of thirty-two minutes in radians is 9.308 x 10'-3 and the sin

Therefore

S sin €.. _.2
r R

This last equation is the variation in glancing angle, and holds at

the left edge • S is one-half of the length of the crystal. R is

the radius of curvature of the crystal. The distance from the left

edge of the crystal to t.he source is designated by r.

The relation holding at the right edge of the crystal is

,:,y- c, B ::: § - S cos e 1
R ........_--.....;;;'-

r l

~e i = {~ - s c~: QiJ
- 44 .-
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In this equation the distance from the right edge of the crystal to

the source is designated as 1" ,

We must now consider the case of a finite source, namely a

source L 5 millimeters in diameter. It is perhaps most convenient

to consider this in four parts corresponding to the four possible

situations which give rise to a deviation in glancing angle.

Figure IS shows one of these situations designated as Case I.

Considering the rays as shown, it is clear that the effect of the

source is to change 9 1 by a quantity y:; and that this quantity p
is in the same direction as was I> 6} 1 which we have alreadycon­

sidered for the point source. A ray striking the center of the

crystal from one edge of the source does so at an angle G1- J'
where 6 is equal to the radius of the source divided by the distance

from the source to the crystaL The angle corresponding to a.. of

the point source case is larger by a quantity~ so that

()... +,4 = S cos ( B 1 - £ )
r

Using the same procedure as before, we have

-.£ + b
R

=be 1 +- SO

"1. + Sl- b := c('+/6+ 61 - b. 8 1 - tp

4 91 + f = 4( +./j - -{ .. b

s cos ( e1 - &)
r + Ar

- 45 -
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Figure 19, designated as Case II, shows the situation at the

right edge of the crystal, the rays leaving the same edge of the

source as before. From the figure we have:

-{+81 - A8
1

1 _ <pi;: <ii + 13+ 8 1 - b

~ 8' 1 ... If i :: y -" ( et I +13) + & == § _ S cos ( 9 1- b) _ 6
R r'+-4r i

I:i 81 + fJ :: S [1 _ cos (8 1 - Cl] + [
1 R r ' + A r '

Figure 20, designated as CasellI shows the rays leaving the

other edge of the source and striking the left edge of the crystal.

Proceeding as before,we have:

y + 8 1 + ! ::; c( - ~ + $1 - 4 e1 + 5t'

A 9
1

- y; =(( -- A - Y - b ::; Seos ( 9 1 + $) - § - t
r + AT R

A e1-v ; s[ cos ( e1 Ta )-1 ] _ s
y- + ii.r: R

The last situation, shown in Figure 21, gives the following re-

Lat.Lon e

A sample calculation is given for 8::: 12° 4 i which corres-

ponds to an energy of 0.026 electron volts.

The first calculation is for the case of a point source.
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The maximum devia.tion in glancing angle at the left edge of the

crystal is

Ll8= S[Si~8 -~J

The value of R, the radius of curvature of the crystal, is, from

the geometry of Figure 17:

R = d
--.,;~- ::
sin 9

62 11

.20933
= 296.., 18

where d is the distance from the source to the center of the

crystaL The value of r may be obtained by reference to

.523325
62- 2.4446

2~5 sin ]20 4:'
62 - 2. 5 C08120 4 I

=: -~;,.....,;;=..;;;;.~.;::'"---

Figure 22a

tan c:( =: 2. 5 sin 8
62 - 2.5 cos 9

tan <::;: .523325
59.5554

- 8.7872 x 10-3 := sin (

.52.3325
8.7872 x 10-3

2.5 sinS '"
sin 4. - ~~~~;'="'r-- =59.5554 inches:::

By analogy the value of r ' is 64.4446 inches. A.pplying the formula

for the left edge, the variation in A e is ~

AS :: .523325 - 2.5
59.5554 296.18

::;: 8.78720 x 10-3 - 8.44081 x 10-3

::;: 0.34639 x 10~3 radians = 1.19 minutes

and at the right edge the variation is:

~8::;: s ( 1 - cos 8 1 ] :: 2 ..5 .523325
R r r 296.18 64 .4446

:: 8.44081 x 10-3 - 8.12054 x 10-3

::: 0.32027 x 10-3 radians ... LI0 minutes
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The calculation for the 1.5 millimeter source, Case I,

follows. It is necessary to determine the value of r + b. r

(see Figure 18), By the geometry of Figure 22b, which is also a

representation of Case T, we can write ~

.075/2.54 - a
2.5 sin a - '6

a + b :: 62 - 2.5 cos 12° 4~ ~ 62 - 2.4446 • 59.5554

Solving these two equations for a and b we get

tan.5 :: 2~5 sin S::; .523325 :: 9.2g3 x 10-3
56~3746 56.3746

S ::: 32 minutes

cos $ ::: 0.99996

a' = a = 3.1SOg =).1809
cos t 0 Q 99996

b' = b =:

cosI
56,3769 ::: 56,3769
0,99996

Now applying the fonnula for Case I, we have:

L\ e _ s [. cos ( 8 1 -6) - !] T cf
r +A'f' R

= 2.5 cos (77°56' - 12~ _ 2.5 + .075/2.54
59,557g 296.1$ 62

:: ~L 79398 x 10~3 - 8.44081 x 10-3 +0.47625 x 10-3

=008294 x 10-3 radians .= 2.85 minutes
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a :: 3~t44196

b :::: 61':00264

tan S =0.523325 :: 8.579 x 10-3
61.00264-

S = 29 minutes

1
b :: b

cos 5'
:: 61.00264 61 00508 . ell0.99996=. ~n . es

!
a :: a

coss
= 3.44196 :: 3.44210 inches

0.99996
! , g ,

r + A r :: a +- b =64.44718 inches

Using the formula developed for Case IV (reference Figure 21), the

variation is:

.4 e = s [! _cos ( e 1 +6 J] _s
R r ' + 4 r'

:: 8.44081 x 10-3 - 2.~(0~20$60) - 0.47625 x 10-3
.4471$

= 8.44081 x 10-3 - 8.0922 x 10-3 - 0.47625 x 10-3

:: -0.1277 x 10~3 radians :: -0.44 minutes

Table I summarizes the results of the above calculations.

In the above considerations, the effect of the s1it was not

taken into account. The reason for this is that it has no effect on

the resolution. The reasons for the vd.de slit were discussed under

Apparatus and Procedure. If the focussing were perfect the size of the

image would be the same as the source, Le., 1.5 millimeters. The image

is larger, however, due to the imperfection in focussing. For example

the spread in the image at E ;; .026 electron volts will be:
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TABLE I

VARIATION IN GLANCING ANGLE FOR e lit 12 0 4t

Source

Point Source

Left Side of
CrYEilts1

Right Side of
Crystel

1~10

1.5 Millimeter Source
2 ..85

Cases I and II

1.5 Millimeter Source

Cases III and IV

t
- 0.42
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(AS at left edge) (64.45) (2.54) (10)

-t(.L\8 at right edge ) (59.56) (2.54) (10)

::; (0.8294 x 10-3) (64.45) (2.54) 10

+ (0.1277 x 10-3) (59.56) (2.54) 10

::; 1.36 + 0.19 ::: 1..55 millimeters

Table II gives the calculated results for A 8 for a number

of energies. Using the results for 0.5 electron volts, which is

at the other end of the observed energy spectrum, the spread in

image size is:

5.763 x 10-4 x 64.497 x 2.54 x 10

+ 3.840 x 10-4 x 59.503 x 2.54 x 10

::; .944 + .580 := 1. 52 millimeters

Thus the image size is slightly more than three millimeters, and

the slit is more than wide enough to receive the whole image.

It is desirable to know what the energy spread is. In

Chapter II it was mentioned that Bragg I s law could be writtep as

h

" 2 mE

This expressed the relation between the energy of the neutrons and

the glancing angle. Solving the expression for E:

2E= h
$ m d~ sin2 e

From which AE =: _ 2 h
2 sin-3, cos 868

8 m d2

AE =- cot e 68
sin28
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A E - -2 cot9A'
E

A summary of calculations based on this expression is given

in Table II.

Table II is a complete summary of all the calculations made

relative to the resolution of the instrument. The first column is

a list of various energies for which the cross section of holmium

was measured. The second column gives the corresponding glaricdng

angle. The third column shows the change of the radius of curvature

of the crystal with energy. The fourth and fifth columns give the

calculated results for the spread in glancing angle in minutes and

radians respectively. The sixth column gives the resolving power,

~E

E
s and the last column gives the actual energy spread, A E. It

can be seen that the resolving power is very good. At the most dis-

advantageous energy setting, 0.5 electron volts, the spread is only

about th~ee per cent, while at 0.026 electron volts it is less than

one per cent. The resolving power is more than sufficient to permit

neglecting the correction of the holmium data for energy spread. If

a narrow, high resonance had been found, this would not necessarily

be t rue. A comparison of t he result s obtained wit h thi s instrument

in the case of cadmium has previously been made in Chapter II. The

comparison shows that the resolution of our instrument is as good as

that of other investigators.
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TABLE II

THE CALCULATED RESOLVING PCYNER OF THE CRYSTAL SPECTROMETER
ACROSS THE ENERGY SPECTRUM

Radius of
Glancing Crystal Variation in Resolving Variation

Energy Ae1e _ Curvature Glancing Angle Power in Energy
E AS AE

Electron Degrees and -
AE x 10.3 Electron

Volts Minutes Inches Minutes Radians x 104 E Volts

2.85 8.294 -7.749 -0.000201
0.026 12° 4' 296.2 -0.44 -1.277 1.19.3 0.0000.31

! 2.77 8.056 -7.838 -0.000219
0"' 11° 37'0 0.028 307.9 -0.52 -1.504 1.632 0.000046
I

110 1.3'
2.80 8.154 -8.224 -0.000247

0.030 318.7 -0.66 -1.929 1.945 0.000058

100 14'
2.72 7.916 -8.770 -0.000.316

0.036 .349.0 -0.64 -1.850 2.050 0.000074

9° 15
1

2.63 7.655 -4.7003 -0.000207
0.044 385.7 -0.72 -2.108 2.589 0.000114

8° 40'
2.57 7.474 -9.807 -0.000490

0.050 411.4 -0.76 -2.219 2.902 0.000145

, 2.54 7.384 -10.08 -0.000583
0.054 8° 20 427.8 -0.80 -2.342 3.20 0.000173

3'
2.51 7.300 -10.32 -0.000599

0.058 8° 442.7 -0.83 -2.412 3.411 0.000198



TABLE II (continued)

THE CALCULATED RESOLVING POltlER OF THE· CRYSTA.L SPECTROMETER
ACROSS THE Ef-IERGYSPECTRUM

Radius of
Glancing Crystal Variation in Resolving Variation

Energy An~le Curvature Glancing Angle Power in Energy
E ~8 AE

Electron Degrees and
~

I AE x 103 Electf'on
Volts Minutes Inches Minutes Radians x 1<t+ '"]f" Volts

-

7° 55'
2050 7.265 -10045 -0.000627

I 0.060 450.2 -0.B4 -2.452 3.527 0.000212
0'-
I-'

7.096I
70 19 t 2.44 -11.05 -0.000774

0.070 4B6.9 - 0.90 -2.610 4.065 0.000285

2.38 6.915 -11.83 -0.000994
0.084 6° 41' 532.7 -0.95 -2.777 4.752 0.000399

7'
2.32 6.751 -12.60 -0.001260

0.100 6° 58L9 -LOO -2.900 5.412 0.000541

5° 10'
2.22 6.471 -14 .31 -0.002003

0.140 68S.5 -1.09 -3.182 7.038 0.000985

2.18 6.349 -16.82 ...0.003364-
0.200 4° 19' 823.7 -1.21 -3.524 9.337 0.001867

2.06 5.998 -19.43 -0.005829
0.300 3° 32' 1006 -1.25 -3.623 11073 0.003519

1.98 5.763 -24.4.1 -0.01221
0.500 2° 44' 1300 -1032 -3.840 16009 0~00S045

.- -- --.....



CHAPTER IV

STATISTICAL ACCURACY

The statistical error has been computed for most of the

measur-enent.s and, with two exceptions, this error is around one

per cent , The two exceptions, at E := 0.3 electron volts and

E = 0.5 electron volts, have a statistical err0r of about three

and six per cent respectively. The less favorable counting con-

ditions at these higher energies, as described under the section

on IIApparatus and Procedure, n are responsible for the poorer

statistics 0

The development of the formula used in computing statistical

error follows the method developed by Rose and Shapiro. 1 Using the

nomenclature of the Introduction, the expression for the cross

section is:

Cf' = -In T
nt

The assumption is made here that the error in the quantity nt , which

is the number of atoms per square centimeter, is negligible. Applying

the law of propagation of error to this expression, \<Ire obtain:

(~)2=(~~ ~Tt=(- nt~ ~TY =(/~Tr
Since In T is known from the data, it remains to obtain an

1M. E. Rose and M. M. Shapiro, "Statistical Error in
Absorption Experiments," The Physical Review, 74:1853-1864, 1948,
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expression for ~ T •
T

From the Tnt.r-oduet.Lcn, the expression for the transmission is:

T =

Applying the law of propagation of error to this expression:

(AT)2:: (,j! AT)2 {2!.
T . \ ()I T • + \ ~Io

Steps indicated in this expressionfollow~

(10 - ~o)2_ A 12

(I - td)2 .. (1- ,8)2

(..0.40 ) (10 - ~o) = (..0 ,(0)2

(r - ~ )2 (1
0

_,.c5o)2

aT:: -1 (L! /Ifi)2;: (~~)2 (Io- A'oJ2 ";: .J.!1,d)2
o~ 10 -110 J 7ltJT (1o-lJo)2 (I _",)2 (1-,8)2

II : -(I -,6) ,( ~T AA»2 = <I -,8)
~A (10 -'&0)2 a4 T (1

0
-4 )2

+
A 10

2 -+44 0
2

(1
0

_;9(.,)2

It is now desirable to find sui table expressions for

AT
T
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Let the general expression ror a counting rate be ri.

Then

where Ci is the total number of counts and ti is the total counting time.

1
t·J.

&i 6 Ci t. ACiJ. --- = -
ri t i Gi Ci

Ar· AG· ri A C· C· 4C\ Ci:: J. =-.:J. -=.:l- ::J. --
Gi Gi ti ti

2

~c. _ Ci
J. -

K
( Ari ) 2 =

(~ r i )2 = r' t·J. J.-
t·~ ­

J.

Putting this result into the above e quatd.on for AT gives the
T

working expression:

(1/t l) .,. (fi It,8) (Io/t1o) +Cfio/ t ,4o)

(I· - ,d)2 + (10 -;80)2
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~T 1 j I ,,fJ 2 [ 10;: + + T
T 1-/1 tI t,.d t

l o
+

This expression for J::,. T is then put, into the expression
T

developed for 6 () and the statistical error is computed from the
tr

resulting formula:

6(1 1 1 j I 4 T2
[ I .B ]= t- ".

t;o
t-

11" lnT I -,<S t I t,tJ t,8o

The statistical error was computed for all the energies at which the

cross section of holmium was measured. The results are shown in Table III.

With the exception of the three highest energies measured, the statistical

error is held to about one per cent. The increasing error at 0.2, 0.3,

and 0.5 electron volts emphasizes what was said in Chapter II about the

poorer statistical conditions at these higher energies.

Errors arise from causes othe r than statisti cs , For example there

is a fluctuation in pile power and instrumental deficiencies such as the

sample shifter SO that the statistical error should be multiplied by a

factor of at least two in order to obtain an estimated t otalerror.
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CHAPTER V

PURITY OF SAMPLE

The material was in the oxtde form~ HC2 0.3 0 A. water analysis

revealed that. the raw mate:da,l contain.ad x··ou.ghly six per cent water.

It was decided that the experiment would not be feasible with so

much water present because of the r.dgh scattering cross section of

water 0 It was decided, therefore to prepare anhydrous samples.

The samples were heated at 900°C and transferrad to a drybox

for loading into the glass capillary tubes. The tubes were kept in

sealed off containers prior to use. After being mounted in the

wafer: the friction fit of the al~in)1ffi plugs, ~ded ~ silicone

lubricant, and gaskets were depended upon for keeping the sample dry.

Justific~tion in this dependence came when the first energy measured

Vias repeated aft,ar a period of two weeks. There was no change in the

transmis¢licu within the statistical accur-acy, thus showing that no

water was being pleked up by the sample"

'f.'1e s ampl.es were furdshed by Dr.. Boyd and Mr.. Darwin Harris

ei: Oak Ridge National Laboratory Chemi.stry Division.. They were

separ-ated by th€: ien exchange ~(llumn t.echni.que and are e:h.-tremely pure.

Impurities are believed pr-esent in less than one part per million ..
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CH.AP'l'ER vr

RESULTS

The results of the exper'..wnent are given in, Table III. In~

eluded in t,his table is the conput.ed .statistir.,:al error'. The eros s

section results are plott,ed versus neut,rcn energy in Figure 25.

Sinc$ the material was in the o:xide form~ it was n~cesst4~ to

subt.ract, (sff the effect due to c:J!Ygen in order t{) ge7~ the (.":1"OSS

section for hc,lmjum alone. In mak.lng this (;or"reetion~ th,g cross

section~f' elemental o:xygen as a function of ene..rgy was used. This

Ls net atrictly' accurate but is true to a good approrlmation since

the effect due to o~gen is smalls the cross section of oxygen
.,

being about four bar'ns.~

A plot, of t,ne preliminary data in th.e energy region near 0.06

electron volts showed a small rise in the CUI"iie which was outside

the statistical error'. A crystalline diffra,;::tion peak was then looked

for in this regi·::l1J.s and found. Furt,her i!f>1estigat,ion revealed a

group of these peaks neal" 0.03 ele'D;tron 'Volts. Figure 2.4 shows the

data plc..tted. in this mannee , The crystalline diffraction peaks are

peaks is only abeut three per cent of t.Jt...e t,otal ,~U"oss section the

accumulation of sufficient data to determine accurately their energy

posd.tiona and height would have required very .long periods of time.

lR. H. Goldsmith t H. Wo Tbeer-, and e. To leld; 2120 dt.~
p. 2.67"



TABLE III

RESULTS OF TRANSMISSION MEASUREMENTS ON HOLMIUM

Cross
Section

Energy tr
E for
in Transmission

-In T (I )
Holmium

Electron
T (~) ~tr' in Barns Sample

Volts a: per Atom Number

.026 .3055 1.1858 .0131 92.66 1

.028 .3169 1.1492 .0119 89.61 1

.029 .3233 1.1292 .00949 87.94 1

.0292 .3241 1.1267 .00775 87.73 1

.0294 .3288 1.1123 .0104 86.53 1

.0296 .3228 1.1307 .0122 88.07 1

.0298 .3278 1.1154 .00833 86.79 1

.030 .3190 1.1426 .0102 89.06 1

.03025 03324 1.1014 ,0110 85.69 1

.0304 .3162 1.1514 .00628 89.80 1

.031 .3311 1.1056 .0103 85.98 1

.035 .3472 1.0579 .0103 82.07 1

.036 .3488 L0533 .00991 81.68 1

.040 .3723 ,9881 .0102 76.31 1
,044 .3801 .9673 .0074- 74.73 1
.050 .4039 .9066 .00756 69.66 1
.054- .41$4 .8713 .00625 66.79 1
.055 .4084 .8955 .00596 66,>81 1
.056 .4123 .8860 .00784 68.02 1
.058 .4194 .8689 .00852 66.67 1
.070 .4586 .7796 .00821 59.21 1
.084 .4899 .7136 .00933 53.78 1
.10 .5116 .6702 .00931 50.16 1
.14 .5572 .5848 .0128 43.11 1
.20 .6002 .5105 .0192 36.91 1
.30' .6555 .4224 .0333 29.55 1
.50 .6665 .4057 .0619 28.20 1
.0715 .6018 .5078 .0091 60.81 2
.14 .6949 .3640 .0111 42.1 2
.114 .6630 .4110 .0130 48.21 2
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However, the existence of such peaks due to the crystal structure in this

energy region is consistent with t.he interpreta.tion given below that

holmium has a high scattering cross section~

As indicated. in Table III an.d Figure 25-& most of the data was

ta.ken with the first sampl,e , which is called sample number one. Sample

number one weighed 0.0668 grams which gives an nt value of 11.98 x 1021

holmium atoms per square centimeter'. Transmission measurements were taken

on a second sample for the purpose of checking results achieved with the first ..

The second s8lTPle weighed 0,,042 grams lirhich gives an nt of 7..618 x 1021 a toms

per square centimeter.. Three energies were s tudd.ed with the second sample,

one of which had been measured previously with sample number one , The

answers obtained with the two samples are within the statistical accuracy..

The other two points measured with sample number two fallon the curve of

the first sample.. The answer most at variance is the one a~ 0,,0715 electron

volts.. Even here the discrepancy is only about two and one half barns and

there is a possibility of a crystalline diffraction peak at this point.

The plan orig inally was to measure the neutron cross section

of holmium as a function of energy between 0 .. 03 electron volts and 0 .. 3

electrons volts J the reason for these limits having been discussed

previously in the chapter on Apparatus and Procedure. It was decided
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to extend these limits~ after cons~derable data had been taken, be-

cause of the m::n:l,Sutal character of the resultso

It was mentioned in the Introouetion that Mr 0 H. Pomerance

had measur-ed "r.he absorption er-oas section for the.rmal neutrons

(average energy O~025electronvolts) a.t si:xtY'~fcrar barns. It was

somewhat..disturbing~ then? to fiooa total cr-oss aectdon of 89 barns

at 0.03 electron v01ts~ The extrapolated answer at 0.025 eleotron

nuclear sc;attering cross section of about 31 barns, mueh higher

than one has any right. to expect. Dr ~ C. Sh"i111 of t,he Physics Di-

vision of Oak Ridge National Laboratory then suggested~ on the basis

of work recently done at Columbial! that this anSWE>X was perfectly

reasonable because of paramagnetic scattering,,29 3

There are t.wo types of pSo."t"amagnetic substances 0 There is a

large group of subatances which includes many of the metallic: elements

whose paramagnetism is dependent upon whether they are in the solid

eonductdng states" In these substances the elet,t,rons in the outer

shell are loosely bound and become conduction ele~trons in a solid

splns of a portion of these outer orbital electrons can be aligned by

21 .. W" RudEllrman, W. tv. Havens s Jr"f) 1'.. I"Tey-lors> and
L" J" Rainwaters> Ie'fhe Scattering otSlow Neutrons by Par-a­
magnetic Crystals.9 "the P!J.YaieEtl Revi$W~ 75~895.9 1949.

'>

~;II" We Ruderman.l' "the Scattering of Slow Neu.trons by
Paramagnetio Crystals, ft The Phzsical Revi2!,; 76~ 1572'h1584, 1949.



an applied magnetic field. A goed examp.l,e of this group is sodium.

Such substances are said to be weakly paramagnetic"

Usually the inner electron shells are full so that the mag-

netic moments due to their orbital and spin angular momenta are

such as to cancel out so that ordinarily these inner electron shells

contribute only to atcmic diamagnetism. This is not always the case

however. For example? the iron group, the palladium and platinum.

group, and the rare earths have inner shells whi.ch are incomplete

and therefore have a resultant moment which is large c onpared with

the spin of the valence electrons or the diamagnetism of a closed

sheLl., Such substances are said to be strongly paramagnetic. The

most strongly paramagnetic subst-ances are the trivalent ions of

dysprosium and holmium which have magnetic moments of more than ten

Bohr magnetons. 4 These elements beLong to the rare earths} whi.ch

fram cer-ium 5g to ytterbium 70 have an unfilled4f subshe1l of the

fourth electron shell in the trivalent state 0 The electrons in this

unfilled inner shell are well protected from the influence of atomic

neighbors by the outer electron shells"

The neutron has a magneti c moment and may he thought of as a

magnetic dipole. Holmium has a very Lar-ge magnetic moment 3.L'1d pro-

duces a powerful dipole. The interaction of' these dipoles results

in a scattering of the incident neutrons, This is an atcmic phenomenon,

a scattering of neutrons by orbital electrons as distinguished from a

4R,M. Bczor-bh, ilMagnetism, n Reviews of Modern Ph.vsics 9

19~6$, 1947,
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nuclear process. It occurs in paramagnetic substances and is called

paramagnetic scattering or simply magnetic scattering.

It is possible to get a rough idea of the magnitude of the

paramagnetic scattering for holmium. Assume that the total cross section

is made up of three components:

rr total "" c
J'E

where C

~

is the absorption cross section,D""s is the constant nuclear

scattering cross section, and 0-pm is the paramagnetic scattering cross

section. Actually, the paramagnetic scattering cross section is not constant,

but decreases with increasing energy. At 0.025 electron volts the absorption

cross section, ora' is 64 barns. 5 From this we can evaluate C:

c = 64
v'0.025

1

C - 10.11 barns - (electron volts)~

Since the paramagnetic scattering should be negligible at 0.5

electron volts, it was decided to measure the total cross section there.

Setting 0'"'pm equal to zero we have:

O"'total:': 28,2 == C + &; :::
rt:

10.11 ,.-+ Us

VCJ:5

o-s - 13.9 barns , nuclear scattering

5H. Pomerance, 10c. cit,---
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The measured tot.al cross section at 0.03 electron vol.t.s was 89 barns,

'L'ie can now write the following:

c:= 89 ::tr'total + f)' -- - 10.11 ~
s -+ v urn '~ J . +13. 9+ 41~pm

" '10.03

From this expression, a-pm is about 17 barns at 0.03 electron vo'It e ,

A measurement was taken at 0.026 electron vo.lt.s , in spite of the

higher or-der ef'rect, and here the effect is still about 16 barns. In

the absence of the higher order effect it is believed the observed result

would have been aoout19 barns. Figure 24, a plot of lJ"{F:; may be

comparedldth Figure 11.;.. The lack of dropping off of the curve below 0.03

in the case of Eo indicates that paramagnetic scattering j which increases

with decreasing energy, is holding up the curve.

In a recent c onmurri.catd.on , Dr. E. P. Wigner suggests that perhaps

the cross section measurements on hoIzai.um could be accounted for by the

presence of a scattering resonance at negative energy. Unfortunately, the

type of data furnished by the technique used in taking the se measurements

is not suited to making a unique choice between the two proposed explanations,

paramagnetic scattering or a scattering resonance at negative energies.

Nuclear scattering of slow neutrons is isotropic and very sharply dependent

upon energy in the vicinity of a resonance 0 The paramagnetic scat.t.erdng ,

however-, depends upon the atomic form f'act or- of the electrons producing the

paramagnetism, and therefore its intensity falls off as the scattering angle

increases. A study of the scat~ering cross section of holmium as a function

of scattering angle and energy could perhaps choose bet.we en the two proposed

explanations. A use of the technique of this exper-Iment in order to make

the choice would involve studying the detailed structure of the cross section,

preferably at longer wave lengths.
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