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CHAPTER I
INTRODUCTION TO THE PROBIEM

The objective of this sxperiment iz to measure the tcﬁal neutron

mium, as a funsiion of neubtron ener-
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gy. Neutron svoss seciions for several reasons. For
example, when a subsbence is considered for a puclear reactor structural
materialg its neutrmn‘mrose section is of primary impcrtanee; Or if it
is beingkgamsideréd for uss as a target material for making a desired
radicaztive isctops, & knowledge of the zross section is useful. The

valug of the cross secti wrpish information about maslear struc-
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ture, HMessursment of neulrou energy &essocisted with resonance gives
infcrmatian asbout ths energy level system of the compound nucleus for
excitetion energies ir the uneighborhood of six to eight M.e.v.

thermal neuiron capiurs oress section of holmium has been

Sy
L

measurad'by W. Bothe.™ who

Th

(]

lm’

y reports 49 barus, by Seren, iedlander, and
Turkegg wiho report 59.6 barns, end by H. Pome“arceJ‘ who “eparts 64

barns, The first bwo values were Gﬁﬂuiﬁed by the activation technigue 4
; que,

“W. Beths, Z, Notucforsh 1, 179, 1946,

“lec Seren o Herbert N Frledlander, and Seclomon H. Turkaly
"Thermel Nemtwon Activaticn Oross Sections,® The Physical Review,
72:888-901, 1947,

jﬁa Pomeranca, To be published.

“*Saren, Friedisnder, and Turkel, loc. cit.



while the latter result was obtained with the pile oscillatora5 It is
believed that the total neutron cross section éf holmium asia function
of neubron energy has not previously been measured.

Thé cross section measurements as a function of energy were by
the transmission 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 countsg are taken for both of these conditions. Then the trans-

mission of the sample is determined as follows:

T::...I__';&_.
Io"ﬁgo
where T is the Transmission, I‘yé;is the counting rate with the
sample in the beam, minus the background for this condition. I, -ng
is the counting rate with no sample in the beam; minus the background
for this conditioen.

The walue of the cross section, ¢, 1s calculated from the
measured value of the tranasmission. The relation between the cross
section and the transmission may be derived as follows. Consider an
infinitesimal thickness, dt, of the absorbing layer of thickness t.

Let I be the intensity of the neutron beam incident on the infinitesimal
thickness dt. If we assume that a single collision removes the neutron

from the veem, the fraction of I which is absorbed in dt is *QE£N~ and

%J. I. Hoover, W, H. Jordan, C. D. Moak, L. Pardue, H. Pomerance,
J. D. Strong, and E. 0. Wollan, "Measurement of Neutron Absorption Cross
Sections, with a Pile Oscillator,” The Physical Review, 74:886-870, 1948.




this is proportional to dt:

di = -ddt
I

The negative sign is used because the intensity decreases as’the beam
passes through the absorber. The constant of proportionality, 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 fr0¢ the beam, it would be reascnable to say that Clwould depend
on a property of the atom under coﬁsideration, i.e., upon thé effective
area which the atom presents to the approaching neutron and upon the
nunber of atoms per unit volume.

Let us denote this effective area as crand‘the number of atoms
per cubic centimeter as n. Then A = nC and the differential equation

may be written as follows:

4l = -n@dt
I

If we dencte the beam intensity which is incident upon the gsurface of

the absorber as I

oy and integrate with respect to the thickness of the

absorber, we have:

I
41 . at
I

Lo

In Ao =-ngt
I ’
I’ :e-nta";
I

- 10 -



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

calculated from the above expression as follows:

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

10724 on?.)

- 11 -



CHAPTER II
APPARATUS AND PROCEDURE

In order to obtain beams of nearly'manachbématzu ngubron wave
length af enargy, a neutron crystal spectrometer was used. This ine
strument is ap zid X-ray spectr@meﬁer which was originslly sét up
for use with neutrons by L. B, Boré% snd associates,~ The instrument
was thoroughly overhauled and revaﬁped for use In a program of measure
ing the total cross sections of small samples of certain raré,stable
and radicactive isetapesaz The results of some of the naw features,
whose description is given below along with a general description of
the apparé:tus9 were to increase the incident neutron intensity and to
decrease £ha background count by large factors, thus permitting the
use of smaller samples with much beﬁter counting statistics. A photo-
graph of the instrument is given in Figure 1. Figure 2 is a schematic
disgrem showing the spectrometer in place and its relation to the
neutron beam collimator and the sample. The erys%al is mcunted so
thet its axis of reotation colncides ﬁith the axis of the cireular
scales amd is aboubt fourteen inches from the face of the pils. The
counter tubs is mounted on an arm so that its distanece from the crystal
ig about five feet. The angnler pasitian of the crystal and of the

counter can be read 4o one minute of arc,

i1, B. Borst, A, J, Ulrieh, C. L, Osborma, ard B. Hasbrouckg
2~9 Physicsl Review, 70: 108, 1946.

23, Barnsteinv J. B, Ddal, C. P. Stanferd, and T. E, Stgghensong
"Potal Cross Sections of Small Samples of HE, Erp Ni- 8, and HiBY from
Neutroun Crysital Spectrometer Measurements,® The Physical Review,
7511302, 1949, « ,
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"FIGURE 1
THE BENT CRYSTAL SPECTROMETER
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FIGURE 2
NEUTRON SPECTROMETER DIAGR



The spectrameier ig of theﬁbent crystal type, the curvature
of the crystal being adjusteble. It zan e sean froam Fﬁgur 2 that
the slt@aﬁicn is analogous to the Paschen mouniing for a zoncave
greting in ephieal sgeetroscmpyﬂ; The szampls, sboubt four feet ingide

the p;le shielding, the crystal, and the counter all Jie on the Rowe

lard eircle.”™ In kaéping with the arrangement, the crystal iz bend

so that its radine of curvature is equal to the diameter of the
Rowland oircle. In the usual mountings used ir optical spectroscopy,
the diameter of the Rewland circle is Fixsd and iwo of the three
elements on the circle ars movable, The neutron orystal spectrometer
used in this ezperimeﬁt differs from the Paschen mounting in that only
ong polnt ou the Rowland circls, the dectector, Is moveblie. “fhus in

t

[N
P

selecting & nsw nentron wave lenglh, 5 necessary to mov :he
dectenrtor, to change the angle which the crystal prasents ¢ the beam
and to chénge the crystal aurvatare’se that the radins of curvature is
egqual t0 the dlameter of the new R@@l&a' cirels, o Each energy setting
has & diffevent Rowland circie.

The forussing properties of ﬁhis type of spectrometsr, while

»

good, can uot be pe?fee@o) Perfert fosussing can be achleved only if

BF% sreis A. Jenkins and Harvey E. White, gggdamentals of Physical
Optics Néw Yorks MeGraw Hill Book Company, Inc., 1937), p.167.

4Ibld L) pp L] 166"‘167 °

5 prthur Heo Compton and Samuel K. Allison, Q;Rayq in Theory and
Experimept {New York: D, Van Nostrand Company, Inc., 1946), pﬂS?

- IR
s



the crystal is bent so that the atomic pianes céincide with concentric
circles cf radius equél to the diameter of the Rowland circle and
ground €0 that the surface has a rédius equal tc the radius of the
Rowland airalaoé |

-~

Figure 3 illustrates the mvérall performance of the instrument.
It shows resulis of measurements of the total meutron cross section

of cadmium, a substanée whose nmeubtron properties have been very
thoroughly studied by a variety of methods bscause of iis common use

in slow neutren experiments. The figure compares our resulis with
results obtained by Héinwater et ai and published in the Reviews of
Modern P siqg.? The fact that our maximm cross section value is the
same as the p&blishedkone suggests thai the resolving power of our
instrument is as good as theirs. The fact that ouwr determination of
the energy ab which the maximum of the resonance occurs agrees with the
accepted value, checké the accuracy:of our absolute energy scale. The
full width at half meximum of the cédmium resonance curve is 0.11 e.v.
The fact that it was easlly possible te trace out this curve with our
instrumsnt, suggests thst energy differences less than 0.01 s.v. can
be readily distinguished by the apparstus in the region of the cadmium

resonanne, 0.18 e,v.

®Inid., pp. 753-754.

M. H. Goldsmith, H. W. Ibser, and B, T. Feld, "Neutron Cross
Sections of the Elements," Reviews of Modersn Physies, 19:282, 1947.
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The crystal used is quartz 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 reflécted bean from these
planes which produces the moncenergetic neutrons. The crystai 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 (thé glancing angle being the comple-
ment of the angle of incidence) is given by Bragg's law.
n A =2d sin
The formmula for the grating space, d, for a hexagonal crystal‘such
as quartz, 158 |
d = k 1
__é_»_m(h4+k2+hk) +L

Bao

ag :iho9 angstroms for quartz.?
Since it is the 100 planes which produce the Bragg reflection, the
Miller indices are h = 1, k = O, 1 = 0., Substitution of these values
into the above equatioﬁ gives d = 4.243 angstroms.

It is desired to ébtain the relation between the energy of the
particle and the glancing angle. Since the only case of interest hgre

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

A= Ad sin B

SMartin Buerger, X-Ray Crystallography (New York: John Wiley
and Sons; Inc., 19A25, p. 103.

9Raiph W. Wyckoff, Structure of Crystals (New York: Reinhold
Publishing Corporation, 1935); p. 26

- 18 -



For Aone substitutes the de Broglie wave length, getting

....E;zdsing
mv :

Inserting the relation between momentum and kinetic energy into the

last expression, nmv = \[ 2 mE, it fellows that

h

2d siné ,
2nE

11

sin 9

h

Zd:\IZmE '

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

L]

10727 erg-sec, d = 4.243 x 1078 centimeters, and m = 1.6747 x 10-24
grams, gives

sin 9 - O,LL265 i lO":Z

't

where E is in ergs. Neutron energies are ordinarily expressed in

electron volts. Changing the units of E to electron volts gives

sin 6 '“"\] 0.0011359
E
This is the relation between the glé.ncing angle, @ , and the energy,
E, in electron volts.

Figure 2 shows how the ma:vdmum:number of neutrons fraom a’l,S
millimeter source are made to fall on the crystai some five feet away
by means of the gr*aphit’e collimator. AL its origin deep in the pile,
the beam is 3 - 3/8" x 3 ~ 3/8n scmare in cross sectional area. The

collimator causes the beam to cmverge uniformly upon the sample.

- 19 -



The beam is 3 milliméters in dismeter when it emerges into the cavity
of the graphite stringer section which contains the sample. (See
Figures 4 and 5.) Figure 4 shows this graphite stringer section with
the aample conbairing assembly, which is kxnown as the waferplin place.
The reutron beam is hers defined by & pyrex glass caplllary tube, two
inches in length and 1.5 millimeters in diameter. The beam is then
allowed to diverge as it leaves the sample, emerges from theipile
shielding, and falls upon the bent crystal. Figure 2 shows heow the
sample is located at the common apex of the two cones of the coliimator.
In order to test the éssumption that the beam wes really defined by
the boron containing glass, the hole of a zapillary sube was’plugged
with a close fitting boron steel rod and the counting rate of ths re-
flected beam was determined with this arrangement in the incident bean.
The counting rate was found to be just egual to the backgreound within
0.03 e,v,’tc Cu5 ®.v., the effective energy range of the instfumento

4s stated in the introduction, when teking transmissicn measure-
ments, it is necessary‘te count the:beam with and without th&’sample in

ts path. One mighd think that it wowld be much more cenvenient to have

Fre

the semple losated say at the face df the pils sﬁislding rather than
four feet inside that shielding. This is undenizbly the case for then
it would be a simple matier to place the sample in the beam and to re-
move it from the besam. One does n@taalways have ﬁhe luxury of the
availability of pure large samples, however, and sincs the beaﬁ is over
one inch ih diameter when it emerges from the pile, a sampls would

necessarily weigh several grams. In this partiocuiar 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 hcolmium oxide wers svailable.
Herein lies the advantags of locating the sample at the spex of the
cones of the beam.

The sample shifter (item 6‘of Figure 5) of the sample shift-
ing stringer is operated remotely from outside the plie by means of
a lever (iter 1 of Figure 5) and élterna%sly piaceﬁ elther the sample
or & blank contaliner in the beam., The reguirements placed Sn the
sample shifter ere severe. Ons mﬁst be able to shift alternate tubes
ints the beam repeatedly and get reprodusible counting rates through
them., ’It is mawiatory that the ages of the twd pyrex glass capillary
tubes be parallel. The construetion of the sampls containing assembly,
knewn aé the wafer and shown in Figure &, determines whether the tubes
will be parallel or net. It is naéessary, theréfore3 to seleet &
walar whiéh faifills ﬁhis requirement. The apparatus was designed so
that the axes of the two pyrex capillary tubes counld be adjusted
parslilel to the exis of the conissl collimator hele. |

Aﬁjustm&nts available en thé sample shifter mechenism are ad-
justable stops, itew 4 of Figurs 5, and eccentric shafts ferzlevel
positicning (item 3 of Figure 5). The wafer or sampls containing
assembly iz shown in Figure 6. It;is shown ir position on %he sample
shifter carriage in Figure 4. The bottom view of the wafer in Figure 6
shows the three hemispheres which seat themselvés in the matching re-
cepbacles of ithe sample shifter caﬁriages (iiemlé of Figure 5)° I%

also shows the permanent msgnet 1o¢ated in ths bottem of the wafer, the
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BOTTOM VIEW

FIGURE 6
SAMPLE TUBE HOLDER
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purpose of which is to keep the hémispheres sesated properlyiduring
the shifting operatién, Ajustments 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 horizomtal direction by
means of bhe rohable sccentric half ball lsbeled item 4 of Figure 6.
The wafer is mede of aluminum and, as shown in Figure 6, hoids two
parallai brass tubes which hougte the glass capiliary tubes. Figure
7 shows how the sample tube is made up., The pyrex glass capillary
tubs {item 3 of Figure 7), eitherkempﬁy or containing the sample, is
pushed into the brass tube, (item 4 of Figwre 7). Korossal gaskets,
(item 5 of Figure 7), seal the snds of the glass capillary tubes.
The firsl seal is made with silicoms lubricsnt spplied to the alu-
minum end plugs, {item 1 of Figure 7}, which slip iate place in the
tapered stainless steel female joint {item 2 of Flguwrs 7).

The most severe test one can make of thé perfermance kof the
sample shifter is tv measwe the écunting rate rabic for the twe
tubes in the reflscted beanm, Thié kas been done many times, the
ratic being within the statistisgl accurasy. Ancther requi:ement is
that the peak of the recking curve for =wne tube should coincide, in

angular setting, with the pesk of the rocking surve from the other
tube., Otherwise the ratio will be far from oue, and a small errer in
angular setting might make reproduction of the ratic impossible so it

is desirable to have ths rocking curves display flat enough peaks to

permit & small srror in sebting crystal angle, without affechting the
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counting rate ratio of the two tubes., The object of the TO““ipg SUrVe

Cote

is to assure cng that the peak of the Bragg re 1 cted beam is being
used and it is taken by rotating the orystal until the Bragg peak is
established, Figwrs & shows the rocking cwrvas for both tubes and
illustrates how the peaks of the two vurves seineide and the relative
flatness at the top. Tois flatness was achieved iargely by using a
six millimeter counter slit rether than a smaller one such as 3 milli-

metera, The rocking curves were taken by holdipg the counter angle

fixed avd robabing the crystal, first with sash capillarsy tube in the
ineident beam (solid *ﬁﬁe), and the“ with the west tube (dotted line)

ir the neusron besm, Figure 9 is a plet of the scunsing rate ratio of
one tube to the cother versus crystal angls. This is usaally celled
the ea3+ to weot ratio and illustrates the polnt thet, since cne can
set the cireular szels to one minuﬁe of ars, there is no need %o be
concerned about a small error in angular setbing causing an error ia
the east to wesh rati@o The sast te west ratlc is important since all
measursments nade with 2 sample in one »f tos wibes muzt be corrected

for the dsparturs of thiz quantit

]
i
k
]
.
w3
}dc
.

L
-3

-

Beginning with Flgure 10 are a series of grepbs which summarize

)

+he perfeormancs of the Instrument. PFigure 10 shows how the éaunting
rate of the srystal refiected beam varies with reutron snergy, and
Figurs 11 shows how the baskground countlng rats varies with energy.
Both of thess praphs are for a two millimsber sourss, The reason for
the sharp rise In badkground at aboub 0.4 ¢.v. is that the glancing

y R . . ) ol 4 .
angle is gettzng gquite small (3 3 ) and hence the ceunber tubg is gote-

ting close to the primery beam, Figure 12 1s 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 ai higher energies in the last two figures
shows how conditions can be 1mproved hy using a th* nadmiumkwindow
over the counter, This improves %hﬁ beam counting rate to background
counting rate ratic abt 0.4 elsctron wolts and abova for the followiag
reason, Mest of the background consists of neutrons of energies
below 0,4 electron ¢olis, Cadmivm ig s strong siow neubron absorber.
It has a capbturs rescnance at 0,18 slectron volts.~0 The high aross
gection persists to zero energy but falls off rapidly sbove .18 elec-
tron volﬁso For example, the cross sectlon st rescnsnce is more than
seven thousand barns while at 0.4 élemtron volts it is about one
hundred barng. Consequently, in effect, all neutrons baving an energy
above a certain "cutmoff“ are transmitted sssentially with no attenu-
ation, The snergy 0.4 electron volts is above thm topteof £t and is
branpsmitted preferentially over background neutrens and hence the
situation is considerébly improved. 4s cne might expect from the two
previous curves, the most favorable counting rate occurs at about .05
e.v. and the situation becomes very poor at 0.4 e.v., partly because
the bhackgreund is in veasing rapidly here, sud partly because the Bragg
reflected beam counting rats is rapidly falling off. The variation of
counting rate with skergy sorvesponds, of course %o the fact that the

incident neubron beam is a Mazwell distribution,

*GH H, Goldsmith, H, %, Ibser, and B. T. Feld, loc. ¢
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Proper adjustment of crystal curvature gives optimum focussing
and hence maximun counting rate and optimum res¢lutione 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." 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 lh shows the perfection of focussing.
It is a plet of counting rate of the reflected beam from a two milli-
meter source versus the slit width in front of the BFB counter. With
perfect focussing the counting rate would have reached a.maximum with
a slit width of 2 millimeters. Instead we see that it reaches aboub
80% of maximum at a slit width of three millimeters.

It should be noted that ardinarily transmission measureﬁents
are not iaken 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, i.e., a high background with a decreasing beam intensity.
Below 0.03 electron volts the higher order effect becomes appreciable
and makes interpretation of results most difficult. For higher orders,
n iz not equal to cone in Bragg's law:

nA =2dsin@

For a given angle, & 1> and for n =1, A ;=24 sn G '
forn=232A2:2dsin91‘
for n = 3, 3)\3:2@511191

-3 -
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In order to satisfy Bragg's law, then,

A?’Z::% Al’ and A331/3A1

Since wave length is inversely proportional to the square root of
the energy, we have:
A1 . Ay VE

S

- = A1 VE]

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

E3:9E1

Consequently, for a glven glancing angle, 0 15 the energies E,, LEq,
98¢, etc. enter the detector. The existence of higher order reflections
fram the quartz c¢rystal 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, cne gets a’straight line parallel
to the energy axis, in the absence of higher orders, since boron is a
/v absorber. Figure 15 is interpreted, then, as showing that higher
order reflections are present below 0.03 e.v. The falling of £ below
0,03 is caused by the higher order, i.e., higher energy neutréns which
are being refiected 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 section at some multiple or multiples

- 37 -
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of this energy. Since the cross section of boron falls off with in-~
crﬁasingienergy, cne observes a smaller cross section when the higher
orders are present.

The detector is a boron triflucride counter, the boron being
enriched in the isotope Blo° The outer shell of the counter tube is
brass. It is about two feet long and two inches in diameter. It is
the B1O isotope which is respongible for the neutron detection.

Neutrons‘interact with B0 as follows:
10 1l <7 L

The voltage on the central wire is of such a magnitude (about 1900
volts) 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 firét tube
of the four stage preamplifier are proportional to the energy of the
8 particles produced by the neutrbns. A schematic cireuit diagram
is 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-
ment s previously deseribed. 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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tc messure the counting rate ratic of the two tahes, This is & very
impartanﬁ quanbity and must be knoﬁn very accurételyg since 511
measured transmissions for a sample must be corrected for it. When
these things have been accomplished, a sample is mounted within one
of the capillary tubes and weighed. In taking data, s glancing angle
is chosen and the counter angle is adjusted., The crystal is then set
on the peak of the rocking curve. Counting retes are then msasured
with snd without the sample in the beam and then background counts
are taken for sample in and out of the beam.

In taking background counts one simpiy moves the crystal
thirty minutss from the rocking curve peak, which iz mare thén guf-
ficlent to completely erase the Bragg condition. This condition for
background measuremenﬁs is more appropriste than complete removal of
the crystal, since it permits taking into account the background caused

by incoherent scattering from the crystal and ifs moanbing.

=~
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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 poiﬁt source. Figure 17 shows a typical Rowland circle. The
source, the image, and the center of the crystal, H, all 1lie on the
Rowland circle. The radius of curvature of the crystal is equal to
the diameter of the Rowland civele.

It is now desired to know what angular divergence is possible
if S is a point source. BReferring to Figure 17, 91 is the comple-
ment of the glancing angle, & . It is clear that there is a‘ variation
in these angles across the grating. Angles S C‘Ts G and SH C, which

we have called & ; and S I' C are equivalent since their vertices

1
lie on the same circle and since all of the angles intercept the

same arc length S5 CG. It necessarily follows that angle S G € is less
than @ and also that S I C is less than & 4, This is indicated in
the figure by designating angle S G C as 8 1= B 01 and angle S I C
as & 1 b8 i . The maximum deviation in & j occurs at the left edge
of the cfys‘oal, i.e., the edge nearest the source, and all deviations
in 9 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, that

Lis6 + Liecs = Lacu + Leuy



THE POINT SOURCE
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Using the briefer notation as given in the figure; this equafc’ion is:
0L+91"D 51 :"\/7‘"91

From the figure ’7/ -

e} {5}

and CL,is approximately equal to _§_%iﬁ;§i~ s approximate because
the fact that the crystal is curve is neglected. In short Ol is
calculated assuming a flat surface rather than a curved one. The
approximation will cause a slight Qver-estimate’ of Dﬁ, that is,
an upper limit for the value of D@ This relation alsc makes use
of the approximation, that for small angles the sine of the éngle
is equal to the angle in radians. -Since the maximum value of ol
is thirty-two minutes, this is a reasonable approximation. (The
value of thirty-two minutes in radians is 9.308 x 1072 and the sin
32" = 9.31 x 1072,)

Therefore

ssin€ .S
r R

D&

l -

This last equation is the variation in glancing angle, and holds at
the left edge. 5 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 the source is designated by r.

The relation holding at the ri:ght edge of the crystal is
§ ’ T
v+ 6, -8, = A+ 91
k)
Pgl =7/~d_";%~»3c0561

rg
Dg-! = S Ll""“‘“ SCOSgi
1 R —



In this eguation the distance froﬁ the right edge of the crystal to
the source is designaﬁed as r'.

We must now consider the case of a finite source, namely a
source l.5 millimeters in diameter. It 1s perhaps most convenient
to consider this in four parts corresponding to the four possible
situations which give rise to a deﬁation in glancing angle.'

Figure 18 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 & 1 by a quantity y and that this quantity ;ﬂ
is in the same direction as was D & 1 which we have already con-
sidered for the point source. A réy striking the center of the
crystal from one edge of the source does so at an angle ’91 - ((
where 5 lS equal to the radius of the source divided by the distance
from the source to the crystal. Thé angle corresponding to oL or

the point socurce case is larger by a guantity ,8 so that

a-+ﬁ = SCOSiﬁl‘—g)

Using the same procedure as before, we have

A8+ P = «t+B-v¥+¢

L]

it

N Scos(el-£) -8
1*‘0 .+ AT R+g

cos(el-"g)__]; +‘g

481-:-90
r+Ar R

§
wn
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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:

Ve, - A6 ¢ q s g 6,-6

Ae'l.},lf‘:y-(qu,.’,,@)_f_gx %”SCOsqiﬁil'S)_K
r r!
AB' + P - 5 %- Coi’(+9§;'5) +

Figure 20, designated as Case III shows the rays leaving the
other edge of the source and striking the left edge of the crystal.

Proceeding as before, we have:

Y+6, +§-q-B+ 0, - 48, 4+ ¥

A91~$0=(-,8-Y-5:SCOS(91+ 5)_§ e
, r+ AY R |
Aer(’pz 5 cds(elﬁ"g}“l e
r +Ar R

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

lations

Y+e, - 88 +¥ -q-8 +6; + &

'S cos 9+£)
AB. -P= yY-(L-B)-§=5.5°s(01+2)
' 4 ; R '+ Ay’ d

' c (a +g)
48n-¢- s[%" T T AT ]

A sample calculation is given for @ = 12° 4' which corres-

ponds te an energy of 0.026 electron volts.

The first calculation is for the case of a point source.

- 47 -
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The maximum deviation in glancing angle at the left edge of the
crystal is

48 - S[Slgg _5%__]
The value of R, the radius of curvature of the crystal, is, from

the geometry of Figure 17:

‘Ro= 4o 62" 296v 18
sin & 20933

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

crystal. The value of r may be obtained by reference to

Figure 22a
tand = 2:58in8 _ _ 55 oin 120 4 . 523325
62 -2.5cosB 62 - 2.5 cos 12° 4! 62 - 20446
tand = 523325 . = 8.7872 % 1073 = sin 4
59,5554
r =_25sin8 | sp335  _ c
sin 4 T e 5905551» inches

By analegy the value of r' is 64.4446 inches. Applying the formula

for the left edge, the variation in A8 is:

2523325 - 2.5
59.5554 295018

8.78720 x 10~3 - 8.4L4081 x 1073

AB

H

0.34639 x 1073 radians = 1.19 minutes

and at the right edge the variation is:

48 - s{ %— cos 91] 2.5 - __.523325

t

T 296.18 ARNANY
8,44,081 x 1073 -~ 8.12054 x 10~3
0.32027 x 10~3 radians = 1.10 minutes

it
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The calculation for the 1.5 millimeter source, Case I,
follows. It is necessary to determine the value of r + QA r
(see Figure 18). By the geometry of Figure 22b, which is also a

representation of Case I, we can write:

0075’/20552 = 2
2.5 sin 13
a+b=62-2.5 cos 120 bt = 62 - 2.4446 = 59,5554
Solving these two equations for a and b we get
a = 391808

b = 56‘33?&6

113

tand = 295 5ind - 4523325 = 9.283 x 1073
561576 56.37% |
$

32 minutes

it

cos§ = 0.99996

at = a = 3,1808 = 3,1809
cos - 0.9999

b= _b o _56.3769 = 56.3769
cos § 0.99996

re & r -atd b = 5995578

Now applying the formula for Case I, we have:

cos ( 8, -8
. 8 179 1 S
48 = [ r +AY R] T
. 2.5 cos (779567 ~ 116) . 2.5 .075/2. 54
55.5578 T &

8.79398 x 1073 - 2.44081 x 1073 + 0.47625 x 1073

tH

9

0.8294 x 10~3 radians = 2.85 minutes
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At the right edge (Case II) the situation is as pictured in

Figure 22c. The value of r'<+ A r', may be computed as follows:

(r+ar)? = (62+2.5 cos )2 + (2.5 sin® - _0.75 )2
2.54

r+/Ar

/(6a.uuu6)2 + (.493797)2
JEDEII0T T = bh.Lbbh

Now using the formula for Case II, the variation in glancing angle is:

S[-]—'- cos(el-S) jl_/_ 5
"L R r'+a4ar!

40

8.4L081 x 1073 — _2.5 cos (T795414) | .075/2.5L
RN t =%

0.79098 x 10~3 radians = 2.72 minutes

The value of r + A r for Case III, Figure 20, may be obtained

by reference to the geometry of Figure 23a.

(r+ A )2 2 (621 - 215 cos © )2 # (275 sin8 -~ SD0)2
(59"5554)2 + (0-493797)2
3546, 84,56 + 0.24,38 = 35L7.089

f
59.5575

r+Ar

Using the formula for Case III, the variation is:

A6 s[cos(el-rg)_l} s

]|

r+d4ar

]

0.52375 _ - -3
=g LenL 8.44081 - 0.47625 x 10

= -0.12304 x 102 radians = -0.42 minutes
The value of r?+A r' for the final case may be obtained from

geometry of Figure 23b.

a+b=624+2.5cosb = 6L . 4446 inches
2 - _0.075/2.5k = 5,64,230 x 1072 = a
b 2.5 sind 2+0h230 x 6L LLLG - a

- 54 -
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1.05642 & = 3.6316

= 3044196
b = 61,0026k
tanf = .___23___0"52 25 = 8.579 x 10_3
61.00264
é? = 29 minutes
1
b= B _ = 61.00264 - £1.00508 inch
cosE | 0906 0508 inches
a's 2 _ . 3.40196 = 3.44210 inches
cos & 0.99996

] i
r'yar' =a +# b = 64.44718 inches
Using the formula developed for Case IV (reference Figure 21), the
variation is:

A6 s

[~

R i A _1

S[l CCJS(B:L'{-,S)-I‘_~

103 . 2.5 (0.20860) . 0.,762 10-3
8.44081 x 10 NI L7625 x

8.44081 x 1073 - 8.0922 x 1073 - 0.47625 x 103

11

§i

~0.1277 x 1073 radians = -0.44 minutes

Table I summarizes the results of the abové caleulations.

In fohe above considerations, the effect of the slit was not
taken into account. The reason for this is that it has no effect on
the resolution. The reasons for t’he wide slit were discussed under
Apparatus and Procedure. If the focussing were perfect the size of the
image wo‘uld be the same as the source, i.e., 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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TVARTATION IN GLANCING ANGLE FOR &= 120 ;!

Left Side of : Right Side of
Source : Crystal Crystal
Point Source 119 1310
1.5 Billimeter Source' : .
Casea I ard II
1.5 Millimeter Source . :
- 0042 - 0&4—1&

Cages III and IV




(88 at lert edge) (6h.45) (2.54) (10)
+ (A8 at right edge) (59.56) (2.54) (10)
= (0.8294 x 1073) (64.45) (2.54) 10
+(0.2277 x 1073) (59.56) (2.54) 10

= 1.36+ 0.19 = 1.55 millimeters

Table II gives the calculated results for A O 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 gpread in

image size is:

5.763 x 1074 « 6L.497 x 2.5, x 10
+ 3.840 x 107% 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
Cﬁapter II it was mentioned that Bragg's law could be written as

h =2 d sinB®
2mE

This expressed the relation between the energy of the neutrons and

the glancing angle. Solving the expression for E:

E=___ b4
8md< sin< 8

From which AFE = _ =< h2 sin~>8 cos BA B8

8 m a<
2
= =~ _2h
DE = -~ 28 cot 8 N

8 md” sind @
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AE : -2 cot 848
E

A summary of caldulations based on this expression is given
in Table II. |

Table IT is a complete summary of all the calculations made
relative to the resclution of the instrument, The first colu@n is
a list of vanidﬁs energies for whiéh the cross section of holmium
was measured. The seéond column gives the corresponding glancing
angle. The third column shows the:change of the radius of curvature
of the cfystal 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,

-%f@* , and the last column gives the actual energy spread, & 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 three per cent, while at 0,026 electron volts it is less than
one per cent. The resolving power is more than sufficient to pemmit
neglecting the correction of the holmium data for energy spread. If
a narrow, high resonaﬁce had been found, this would not necessarily
be true. A comparison of the resuits obtained with this 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 invéstigators.

~ 59 ...:
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TABLE II

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

Radius of
Glancing Crystal Variation in Resolving Variation
Energy Aﬁsle Curvature Glancigg Angle Power in Energy
E . H 6 AFE
Electron  Degrees and AE 103 Electron
Volts. Minutes - Inches Minutes Radians,x 104 E X Volts

2.85 8,29 =-7.7h9 ~0.000201
0.026 129 47 296.2 ~0. by ~1.277 1.193 0.000031
, 2.77 8.056 -7.838 ~0.000219

0.028 11° 37 307.9 -0.52 -1.50CkL 1.632 0.000046
| 2.80 8,151, -8.22} ~0.000247
0.030 119 13 318.7 0,66 -1.929 1.945 0.000058
. 2.72 7.916 ~8,770 -0.000316

0.036 10° 14 349.0 ~0.6L ~1,850 2.050 0.000074
. ‘ 2.63 7.655 - -4.7003 -0.000207
0.04L4 9% 15 385.7 0,72 ~2.108 2.589 0.000114
' 20 57 7014-714- "'9-807 “0000014-99

O‘OSO 80 z{.O l-pllah "“0076 “2 w219 2: 902 OoOOOMS
o . : - 2.54 7.384 ~10,08 ~0.000583
0.054 8% 20 427.8 -0,80 -2.34L2 3,20 0.000173
. 2,51 7,300 -10.32 -0.000599
0,058 g° 3 2.7 -0,83 -2.,412 3.411 0.000198




TABLE II (continued)

THE CALCULATED RE@OLVING POWER OF THE CRYSTAL SPECTROMETER
- ACROSS THE ENERGY SPECTRUM

- Radius of
Glancing Crystal Variation in Resolving Variation
Energy Angle Curvature Glaigigﬁ Angle Power in Energy
E ~ AE
Electron Degrees and - AE 103  Electron
Volts Minutes TInches Minutes Radians x 10% E Volts
- . 2.50 7.265 -10.45 -0,000627
0.060 7° 55 450.2 ~0.84, ~2.452 3.527 0.000212
| DT ~ 2 by 7.096 -11.05  =-0.000774
0.070 7° 19 L86.9 - 0.90 -2.610 L, 065 0.000285
. 2.38 6.915 -11.83 -0 . 000994
0.084 6° 11 532.7 ~0.95 -2.777 L.752 0.000399
; 232 6.751 -12.60 -0.001260
0,100 6° 7 581.9 -1.00 -2.,900 5.412 0.000541
_ . 2,22 . 6.471 -14.31 -0.002003
0,140 5° 10 688.5 ~-1.09 -3.182 -7.038 0.000985
. 2.18 6.349 - ~16.82 -0.003364
0.200 4° 19 823.7 -1.21 ~3.52L 9.337 0.001867
' 2 ] 06 5 © 998 "19 » 43 ‘”O ° 005829
0.3C0 3% 32 1006 ~1.25 ~-3.,623 11.73 0.003519
' 1 ] 98 5 L 763 -211» ° ll-l -O » 01221
0.500 2° Lk 1300 -1.32 - =3.8L0 16.09 ~0.0080L5




CHAPTER IV
STATISTICAL ACCURACY

The statistical error has been canputed for most of the
meagsurements and, with two exceptidns, this error is around one
per cent. The two exceptions, at E = 0.3 electron volts and
E = 0.5 electron voltsﬁ have a statistical error of about three
and six per cent respectively. The less favorable counbing con-—
ditions at these higher energies, as described under the section
on YApparatus and Procedure," are responsible for the poorer
statisties. |

Thé development of the formula used in computing statistical
error follows the method developed by Rose and Shapirool Uging the
nomenclature of the Introduction, the expression for the cross
gsection is:

o :......:..111._2
nt

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

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

the law of propagation of error to this expression, we obtain:

20012 [30r ATV\R-f- 1 AtV _[ ar
o 3T o me T T n T

Since In T is known from the data, it remains to obtain an

1, E. Rose and M. M. Shapiro, "Statistical Error in
Absorption Experiments," The Physical Review, 74:1853-186L4, 1948.
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expression for

AT»
T

Froni the Introduction, the expression for the transmission is:

1._1-8
iIo"/do

Applying the law of propagation of error to this expressions:

(AT ‘:(ﬁ ﬂ)z_ﬁ( 21 410)2+ 3T A6)2+ 2T &b
T ‘ 29I T ol T 28 T 38, T

Steps indicated in this expression follow:

27T _ 1 (aT a1l _ar® G-Bo? ar?
21 IpAp V21 1) (I-B)R (T-8)R  (1-A)F

237 - 1-A8 (a1 a5 )2 (1-8)2 (812 (I, -Bp)2 . (810)?
3T, (Io -/B)%) 21, T (Io~-Bo)= (1 -B)* (Ig -/50)‘3

aT= -1 (BT a4 )2 - (082 (1582 (AB)

B 1-8,,\28 1 (To-Bo)2 (I -8)R2 (I-B)?

27+ (1 -8) ( T 443)2 . (1-8) (B4) (Io-Bo) = (852
2B (1o -Bo) a8 7 (Io-A2)? T-8P (1, -8)°
AT )2: ar’+08? L1 +0472

T ) @-B)7 (1o -2

It is now desirable to find suitable expressions for
(612, (A8)°, (& 1,)?, am (A4)?
5 s o)<, and )* so that one may solve for

AT
T o
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Let the general expression for a counting rate be rj.

Then

by
Ari  AG b, AC
ri k ty Cy Cs
Ar; = ACy ry = Aci Gy = Aci
Gy Cy b1 4
ol
2
AI" = .--—4-;—91-—
ti

(AI‘- )2 C:L
* B 2
t
A 2 _ rity - Ty
1 tlz t
Putting this result into the above equation for AT gives the

T
working expression:

LT (1) + (fg/t,s ) (Io/tIo)+ (ﬂo/tﬂo)

T T-Ar T (T - Bo)?

- bh ~



...é.:g = 1 I + 8 + T2 IO + ’60]
T: = R K "1, tﬁgOJ
This expression for AT is then put into the expression
; &~ :
developed for A0 and the statistical error is computed from the

o
resulting formulas

2 {1
A = 1 1 I,+/5+T[o+ﬁ]

v InT I-B £ t 4 to | b,

The statistical error:was computed for all the energies at which thes
cross section of holmium was measufed. 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 volté emphasizes what was said in Chapter II about the
poorer statistical conditions at these higher energies.

Errqrs arise from causes othei than statistics. For example there
is a fluctuation in pile power and instrumental deficiencies such as the
sample shifter so that the statistical erfor shéuld be ﬁultiplied by a

factor of at least two in order to.obtain an estimated total error.
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CHAPTER V
PURLITY OF SAMPLE

The material was in the owide form, Hey 03, A water analysis
revealed that the raw materisl contalred roughly six per cent water.
It was decided that the experiment would net be feasible with so
much watér present beéause of the high scabbering oross section of
water, It was decided, therefors to prepare anhydrous samples.

The samples were heated ab {;ocﬁc and transferrsd to a drybox
for leading into the glass capillary tubes. The tubes were kept in
sealed off containers pricr to use, After baing meournted in the
wafer, the friction fit of the alusimm plugs, aided by silicone
1ubricanﬁ ard gaskets were depended upon for keeping the sample dry.
Justﬁficétign in this dependence ceme when the first energy measured
was repeated affer & pericd of twe weeks., There was no change in the
transmission within the statistical accuracy, thus showing that no
water was being picksd up by the sample.

The samples were furrished by Dr. Boyd and Mr. Derwin Harris
of Osk Ridze National Laboratory Chemistry Division. They were
separated by the ioxn exchange zolumn technique and asre extramely pure.

Impurities are believed present in less than one part per million,



CHAPTER VI
RESULTS

T%ﬁ results of the experime§g sre given iv Teble III,’ In-
cloded in this table is the computed statistical errer. The wross
section results are plottnd versus neutron epergy in Figurs 25.

Sincs the msaterial was in the oxide form, it was nocsssary tc
subtry ct off the effect due %o oxRygen in order %u gsd the coross
section for holmium alone. In making this correction, the oross
secticn »f slementsal oxygen as a f&n@tion of energy was used, This
is net strictly accurate but is true to a good approximation since
the effasst dus to ozygen is small, the cross seotien of exygen
being about four barns .+ |

4 plot of %he preliminary data in the erergy region near 0,06
electrongvolts showed & small rise in the cwrve which was ouﬁside
the statistical error. 4 crystalline diffracticn peak was then locked
for in this region, and found. Purther investigation revealed a
greoup of these peaks near 0.03 electron volts., Figure 24 shows the
data plovted in this macner. The crystalline diffraction peaks are
evidert in both Figure 24 and Figurs 25. 3ince the effect of these
peaks is only sbout three per cemtiof the total swross seatioﬁ the
scoumulation of sufficlent data to determine accurately their energy

positivps and height would have required very long pericds of time,

lHa Ho G‘:‘IdSmith& Ho Wa Ibserg aL’a Bo TolFal‘dg 2’:2:) g;'_j_-:b_,cg
po 2670 : X

oy
s



TABLE III

'RESULTS OF TRANSMISSION MEASUREMENTS ON HOLMIUM

Cross
Section
Energy ; o
E ' for
in Transmission Holmium
Electron T (§) ; “In T (E‘) Ao in Barns  Sample
Volts W W o per Atom  Number
0026 : 03055 101858 90131 920 66 l
.028 .3169 1.1492 0119 £89.61 1
.029 . 3233 1,1292 00949 87.94 1
.0292 ; 23241 1.1267 ,O0T775 87.73 1
0294 . 3288 1.1123 .0104L 86,53 1
,0296 .3228 1.1307 0122 88.07 1
.0298 .3278 1.1154 .00833 86.79 1
.030 , 3190 o 1.1426 0102 89.06 1
.03025 + 3324 1.1014 0110 85.69 1
0304 .3162 1,151 00628 29.80 1
.031 .3311 1.1056 .0103 85.98 1
035 3472 1.0579 0103 82.07 1
.036 . 3488 1.0533 .00991 81.68 1
-OLO .3723 . 9881 .0102 76.31 1
Ol . 3801 .9673 L0074 Th.73 1
.050 4039 . 9066 00756 69.65 1
L0584 L18L L8713 .00625 66.79 1
.055 LLO8L 8955 .00596 66,81 1
.056 4123 . 8860 .0078L 68.02 1
.058 4A9L 8689 .00852 66.67 1
Q070 4586 7796 .00821 59.21 1
084 11899 7136 .00933 53,78 1
.10 .5116 6702 00931 50.16 1
.14 5572 58,8 .0128 43.11 1
»20 .6002 . 5105 L0192 36,91 1
<30 .6555 L2250 .0333 29.55 1
.50 . 6665 4057 L0619 28.20 1
0715 © 6018 .5078 .0091 60.81 2
.14 : 6949 L3640 .0111 L2.1 2
11k L6630 L4110 .0130 4L8.21 2
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Hawever,:the existencé of such peaks due to the crystal structure in this
energy région is consistent with the interpretation given belgw that
helmium has a high scﬁttering cross section,

As indicated in Table III and Figure 25, most of the data was
taken with the first sample, which is called sample number one. Sample
number one weighed 0.0668 grams which gives an nt value of 11}98 x 102+
holmium atoms per square centimeter. Transmission measurements were taken
on a second sample for the purpouse of checking results achieved with the first.
The second szmple weighed 0.042 graﬁs which gives an nt of 7,618 X lQ?l atéms
per squafe centimeter. Three energies were studled with the second sample,
one of which had been measured previously with sample number bnee The
answers 6btained with the two samplés are within the statistiecal accuracy..
The other two points ﬁgasured with sample number two fall on the curve of
the first sample., The answer most at variance is the one at 0.0715 electron
volts. Even here the aiscrepancy is only about two and one hélf barns and
there is a possibility of a crystalline diffraction peak at this point,

Thé plan originally was toc measure the neutron c¢ross section
of holmium as a functién of energy between 0.03 electron volté and 0.3
electrons:voltsg 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 censidersble data had been taken, be=~
cause of the npusuel charascter of the resulis.

It was mepticred in the Imbroduction that Mr, H, Pomerance
bhad megsured the sbsorption cross Seation for thermgl neutrons
(average:energy 0,025 &1ectron volts) at sixty-four barns. i@ wasg
somewhat disturbing, then, to find & total =ross section of 89 barns
at 0,03 eleaﬁron valts. The ex%rapolate& answer abt ©,025 slectron
volts would have been about 95 barns. This wonld have meant a
nuslear ssattering eross section of about 31 barns, much higher
than one has any righ® to expect. Dr. C. Shull of the Physics Di-
visicn cinak Ridge Natlonal Laboratory then suggested, on the basis
of work reeently done at Columbia, that this ana#er was perfeétly
reasonable because of paramagnetic seatteringogﬂ‘B

There ars two typss of paramégneti@ subgiances, There ig &
large group of substances which includes many of the metallic1elements
whose péaramagnetism is dspendent upen whether they are in the selid
sonducting statss. In these substances the slestrens in the outer
shell areylooaely bound and become conduction electrens in a solid
metal or valence elechrons in a shemieal sompound . In a metal the

sping of a partion of these cuter crbitsl electrons can be aligned by

215 %, Ruderman, W. W. Bavens, Jr., T. I. Taylor, and
L. J. Rainwater, *The Scattering of Slow Neutrons by Para-
magnetie Orystels," The Physicel Review. 75:895, 1949,

v . Ruderman, "The Scabttering of Slow Neutrons by
Paramagnetic Crystals,® The Physical Review, 76:1572-1584, 1949.




an applied magnetic field. A gocd example of this group is sodium.
Such substances are éaid to be weakly paramagnetic. :

Usually the inner electron shells are full so that the mag-
netic moﬁents due to ﬁheir orbital and spin angular momenta are
such as to cancel out so that ordinérily these immer electron shells
contribute only to atamic diamagnetism, This is not always the case
however. For example, the iron group, the palladium and platinum
group, aﬁd the rare earths have inQer shells which are incomplete
and therefore have a resultant moment which is large compared with
the spin;of the valence electrons or the diamsgnetism of a closed
shell. Such substances are said to be strongly paramagnetic. The
most strongly paramagnetic substances are the trivalent ions of
dysprosiﬁm.and holmium which have magnetic moments of more than ten
Bohr magnetonsah These elements belong to the rare earths, which
from serium 58 to yttérbium 70 have an wnafilled 4f subshell of the
fourth electron shellkin the trivalent state. The electrons in this
unfilled inner shell are well protected from the influence of atomic
neighbors by the outer electron shells.

Theéneutron has a magnetic moment and may be thought ¢f as a
magnetic dipole. Holmium has a very large magnetic moment and pro-
duces a powerful dipole. The interaction of these dipeles results
in a scattering ¢f the incident neutrons. This is an abanic phenomenon,

a scattering of neutrons by orbital electrons as distinguished from a

ARO M. Bozorth, "Magnetism,® Reviews of Modern Physics,
19:68, 1947.
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nuclear process. It occurs in paramagnetic substances and is called
paramagnetic scatiering or simply magnetic scattering.

It is possible to get a rough idea of the magnitude of the
paramagnétic scattering for holmiwx;, Assume that the total cross section

is made up of three components:

r
total = C + a-‘s -+ g-;)m
where —& is the:absorption cross section, (J's is the constant nuclear

VE
scattering cross section, and O 1s 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, 07, is 64 barns.” From this we can evaluate C:

B 6
V0095

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 o'pm equal to zero we have:

o,total =z 28.2 = ____(_3_____ e 0; - 10,11 -+ G’S
vVE v 0.5
05 = 13.9 bams, nuclear scattering

°H. Pomerance, loc. cit.
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The measured total cross section at 0,03 electron volts was 89 barns.

We can now write the following:

= ¢ , = +0.11

vE . B V0.03

is about 17 barns at 0.03 electron volts.

+13.9+ a‘m

From this sxpression, aﬁﬁn

A measurement was taken at 0,026 electron volts, in spite of the
higher order effect, and here the effect is still about 16 barns. In
the absence of the higher order effect it is believed the obgerved result
would ha#e been about:l9 barns. Figure 24, a plot cﬁ’Uwrig'ﬁmy be
compared with Figure 14. The lack of dropping off of the curve below 0.03
in the case of Ho indicates that paramegnetic scatterings which inﬁreases
with decreasing energy, is holding up the curve.

In a recent comunication, Dr. E. P. Wigner suggests that perhaps
the crosé section meagsurements on holmium 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 these 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 neubrons is isotropic and very sharply dependent
upon energy in the vicinity of a resonance. The paramagnetic scattering, ’
however, depends upon the atomic form factor of the electrons producing the
paramagnetism, and therefore its intensity falls off as the scattering angle
increases. A study of the scattering crose section of holmium as a function
of scattering angle and energy could perhaps choose between the two proposed
explanations. A use of the techniqﬁe of this experiment in order to make
the choice would inveolve studying the detailed structure of the cross section,

preferably at longer wave lengths.
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