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SUMMARY"

A monokinetic beam of neutrons (0.07 e.v.) has
been scattered by a gas, and the angular dependence of
scattering measured over the range 0% to 90°. This is
believed to be the first measurement of neutrons dif-
fracted by gas molecules.

The experiments were performed with a modified
neutron crystal spectrometer using & beam of neutrons
from the Chalk River pile. The gases studied, COp and 05,
were at room temperature and approximately 60 atmospheres
pressure.

Observed intensity distributions are compared with
calculated patterns. The latter are based on clgssical

interference theory, so take no account of inelastic

scattering.

Good angular agreement of interference peaks is found
for both gases. Good relative intensity agreement is found
for Oy, but the measured intensity for COo falls below the

calculated curve at small angles. A possible reason for

this is given.
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l. GENERAL INTRODUCTION

X-ray diffraction by the free molecules of a gas was
predicted in 1915, and measured in 1929. Two years later,
interference patterns from a gas were also observed for
electrons. The experiments described in this thesis are be-
lieved to be the first measurements of neutrons diffracted by
a gas.

The Chalk River pile and a neutron crystal spectrometer
provided the required monokinetic beam of slow neutrons. This
beam was scattered by the gas, and its resultant angular dist-
ribution measured with a BFz neutron counter, revolving about
the gas sample. Csdmium irises prevented the counter from
"seeing" the sections of high pressure gas chamber struck by the
incident beam, but despite this precaution, background and true
counts were approximately equal.

By this method the angular distributions of scattered
neutrons from carbon dioxide and oxygen have been measured. Both
gases were at room temperature and a pressure of about 60 atmos-
pheres.

Several corrections have been applied to the observed
intensities. Pressure and temperature differences, and pile
power fluctuations need no elaborating. A volume correction

arises from the variation of gas scattering volume with angle.



Multiple scattering, within the gas and from the wall, has
been treated approximately (see Appendix), and finally, the
background has been broken into its fast and slow neutron
components and each considered separately.

The experimental points so obtained for GO, and Op are
plotted in rigures 3 and 4 (pages 4l and 42) together with
theoretical diffraction patterns for the same molecules. The
calculated patterns are based on classical interference theory,
and are similar in form to X-ray diffraction curves before the
atomic form factor is introduced. small corrections have been
applied for a bLoppler change in the neutron de Broglie wave-
length due to the thermal motion of the gas molecules, and for
& change of coordinates to the laboratory system. The greatest
weakness of the calculation is that no account is taken of in-
elastic scattering, for the neutron energy (0.07 e.v.) is suf-
ficient to excite many rotational transitions.

Three significant observations may be made from Figures
% and 4. Firstly, both gases show good angular correlation be-
tween experimental points and the calculated curﬁes. Secondly,
oxygen also shows a good intensity correlation, though there is
some deviation. “Thirdly, carbon dioxide shows a fair intensity
correlation only, the intensity being low at small angles. The
angular correlation confirms within experimental error the
accepted internuclear distances for the molecules. The small

deviations of oxygen are likely due to experimental errors, but



the large low angle deviation of carbon dioxide is most

pProbsbly intermolecular interference from & vapour near

1ts liquid phase.



2. INTRODUCTION

(a) History
(i) X-Ray and Electron Diffraction

In 1929 vebye, pewilogua and Ehrhardt (1) first
diffracted X-rays from a gas. Debye had shown theoretic-
ally in 1915 that an interference pattern was to be
expected from the interatomic regularity in a single mole-
cule, though the molecules themselves were randomly oriented
and positioned in space (2). In addition diffraction
patterns had been observed from crystals and liquids, which,
analysis suggested, were in part due to intramolecular rather
intermolecular interference. However the analysis was not
easy in theory or in practice with bound molecules. For this
reason it was hoped that coherent scattering from the unbound
molecules of a gas might offer a better method for studying
molecular structure.

Debye, et al., first used CCl, in the vapour state for
their scattering material. X-ray scattering is a function of
atomic number, and the sharp pattern from the regular tetra-
hedron of Cl atoms masks the C-Cl pattern, to give a very
simple picture. The scattered rays were detected with a
photographic film, and the gas chamber was so designed that
the film could record only scattering from the gas itself
snd not from the metal walls. The pattern obtained with the
1.54.2 Ko¢ line from a copper target showed clearly an inter-

0
ference maximum at 34° 4+ 10 percent. This gave 3.3A as the
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Cl‘c} Spacing in the CCl, molecule and confirmed an earlier
estimate from crystal diffraction of 1.722 as the radius of
the C1” ion. Many different molecules were soon investi-
gated by Debye and his collaborators giving interatomic
spacings for the molecules of & new order of accuracy (3).

In the following year Mark and Weirl successfully
diffracted electrons by the free molecules of a gas (4).
Again, CCl, was tried initially. They used a 30 kilovolt
beam for which A=0.071K, and found & Tirst meximum at
1.6° ana consequently a Cl-Cl spacing of 3.22. 7ithin a
year they had investigated many more gases and determined
their interatomic distances and in some cases their
molecular structure, with precision (5).

The results from this new field of physics were of
primary interest to two groups: the physical chemist and
the theoretical physicist. &for, information given by X-ray
and electron diffraction from simple molecules helped est-
ablish the present quantum-mechanical concept of the atom;
and with an exact knowledge of the scattering power of the
atom, it was possible to study complex molecular structure.
The technique has become, together with molecular spectro-

scopy in the case of simple molecules, the basis for most

of our present knowledge of interatomic bond lengths in gas

molecules (6).



(ii) Neutron Diffraction

Evidence that slow neutrons are Bragg-reflected by
& crystal was first obtained in 1936 by Mitchell and Powers
(7), with a Rn-Be source and s set of Mg O crystals. The
serious study of neutron diffraction by crystals, however,
dates from the inception of the chain reacting pile. In
1944 Zinn first reported on measurements made with the
neutron crystal spectrometer at the Argonne Iaboratory (8),
and this was followed closely by the results of a wide in-
vestigation at the same laboratory.

No work has been published however, on measurements
of neutrons diffracted by gas molecules, and it is believed
that the work herein reported is the first to be done in
this field.

Fermi and Marshall (9) have measured the total cross
section of & number of gases (COp, No0, Oz, N3, CF, and H,)
for very slow neutrons, and found them, in most instances,
to pe in good agreement with the scattering cross sections
calculated from classical interference theory. Since, for
‘the energy of neutrons employed, these cross sections were
substantially greater than the sums of the individual cross
sections of the constituent atoms of the molecules, the ex-

periment constituted excellent evidence for the diffraction

of neutrons by & gas.



The present experiment was undertaken to verify, by an
actual measurement of tne angular dependence of the scattered
beam, that monokinetic slow neutrons scattered by a gas 4o
give a diffraction rattern. An improvement of the technique,
it was hoped, would give useful information on gas molecular
structure, and in particular, on the interaction between
neutrons and nuclei.

() Theory

The same theory underlies the scattering by a gas
target oI a beam of homogeneous x-rays, electrons, or neutrons.
When the wavelength of the quanta, or the de Broglie wave-
length of the electrons or neutrons, is comparable to the in-
ternuclear distances of the molecule, there is coherence be-
tween the scattered waves from the individual atoms, and a
diffraction pattern for the molecule as a whole. <This pattern
averaged over all the molecules of the gas gives a scattering
pattern not isotropic as might be expected, but with inter-
ference maxims and minima ch-racteristic or the structure of
the scattering molecule and of the wavelength of the scattered
beam. If the molecule has n stoms and each atom is assumed to
seatter isotropically with equal phase change and amplitude,
then the intensity of scattered beam I(0) can easily be shown

to be (10):

n 2o .
I(e) = S > il  where X, 6 = 4Tr!;
i=1 J=1 XIJ L J A

(1)

in O
sin
. 2




and
L is distance between ith and jth atoms

1]

O is angle between incident and scattered beams

A is wavelength of scattered beam

In the above simplified picture, besms of quantsa,

electrons or neutrons behave identically since the atomic
scattering centres are assumed to be points, scattering with
equal phase change and amplitude, and with spherical symmetry.
This however is not the case. in addition, only elastic
scattering has been considered, whereas in practice, energy
may be gained or lost by the beam in the scattering process.
Equation (1) must be modified therefore to the more general

form of egquation (2) where the scattered beam is considered

to have a coherent component and an incoherent component.

Thus:
&8 sinx; s

where Wi and '/’j are the "atomic scattering powers"™ of the

1th gpna jth atoms, and E is the incoherent scattering term.
Both W and ? depend on the nature of the incident bean,
whether X-ray, electron, or neutron, and are, in genersal,
functions of the scattering angle ©. This dependence is

shown qualitetively in Table 1.

It can be seen from Table I that two difficulties may
1ie in the way of a satisfactory theoretical determination

of a diffraction pattern for neutrons scattered by a gas.



TABIE 1

X-Rays (10)

Electrons (10)

Neutrons (9)

Scattering is from
orbit electrons.

Value obtained
theoretically ( by
integration over
probability function
of orbit electrons).

Magnitude approxX.
proportional to
atomic number;
decreases slightly
with increasing
scattering angle.

Sign always positive.

function modified
slightly by thermal
motion of molecule
(variation in inter-
atomic distances).

Scattering is from
nucleus, screened
by orbit electrons.

Value obtained
theoretically.

Magnitude approx.
proportional to
atomic number

minus a screening
factor; decreases
rapidly ¢ 1/sin%0/2)
with increasing
scattering angle (9).

Sign always positive

Function modified
sllightly by thermsal
motion of molecule
(variation in inter-
atomic distances).

Scattering is from
nucleus.

Value obtained
empirically.

Magnitude erratic
property of nuclide
and relative spin
of neutron and
nucleus (parallel

or anti-parallel);
approx. independent
of scattering angle.

Sign erratically
lpositive or negative;

Function modified
slightly by thermal
motion of molecule
(variation in inter-
satomic distances,
and neutron wave-
length).

for elastic scattering.
treatment both processes are considered as one
a detailed calculation of all possible transitions is made.

This function arises from the inelastic scattering processes
snd cannot be evaluated by the semi-classical methods used
In the correct quantum-mechanical

problem and
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i - .
Firstly, the amplitude and phase of the wave scattered from

& given nuclide is, in general, not known. And secondly,

a detailed calculation of all the rotational states involved
is not in general practical. In special cases however these
limitations either do not exist or are much less serious.

| that of

ror example, when a nucleus is/a single isotope with zero
spin, the atomic scattering power (/) is simply the square
root of the nuclear cross section for that element. There
may still be ambiguity in the sign of Y but for many elements
that too is known (9). A second simplification occurs at low
temperatures, where sufficiently few rotational states may Dbe
involved thst it is practical to calculate the inelastic com-

ponent of scattering. ‘this applies especially to light

elements.
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3. EXPERIMENTAT PROCEDURE

(a) Method I

Methane (CH4) was chosen as the initial target. Not
only has hydrogen & much larger cross section than sny other
element - and the problem of intensity was the first consider-
ation - but its bond length is accurately known for only a few
molecules, and the experiment should have given, if successful,
its length for methane. ‘'he molecule CH, like CCl, is a regular
tetrahedron, so the pattern was expected to give the strong
maxima and minimes characteristic of n-fold regularity. It was
apparent at this time that the proton spin would likely intro-
duce some incoherent scattering, and there was theoretical (11)
and some experimental (9) evidence that it might be large. But
until the incoherent scattering was later me asured directly by

Shull and Wollan (12) the diffraction experiment with methane
appeared justified.

The apparatus was simple. The gas sample was placed
directly in the neutron beam from an experimental hole in the
Chalk River pile. Lndium foils simultaneously selected and de-
tected a monokinetic group of neutrons, for the l.44 e.v.
resonance rises to & peak of 26,000 barns and is less than 0.1
6.v. wide at half maximum value. The gas chamber was & heavy
rotatable ground steel joint with two 0.006" aluminium windows.

gecured to this joint were two cadmium and indium lined rect-

angular collimators for incident and scattered beams.
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The indium foils were found to have a substantial background
count from fast neutrons in spite of heavy shielding. This

Was overcome by using pairs of very thin (0.001") detector
foils separsted and backed by two thicker (0.005") foils of

the same material. The difference of the two counts was taken
as the resonance activation. More recently, Fermi and Marshall
(13) have used a similar technique.

The foils were activated for two half lives (109 minutes),
counted with s B-counter in the laboratory for two half lives,
and were used repeatedly. Due to the complication of the
difference technique of activation, foil calibration was diffi-
cult. Many tedious days of counting were required for adequate
statistics. It was shown however, that the ratio of first
minimum to first maximum deperted from unity by less than 10%,
confirming the earlier indications by Schwinger and Teller, and

Fermi snd Marshall, that CH, would scatter incoherently.

(b) Method II

(i) Procedure

By this time, the neutron flux from the pile was suffi-
cient for the monokinetic beam from the neutron crystal spectro-
meter to give measurable intensities from a gas scatterer. The
spectrometer equipment had been built by a Technical Physics
group under Dr. D. G. Hurst, and it was only through his

generosity in meking it available that the author was able to

perform the experiments described. The great advantage of the
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Spectrometer over the foil technique was that only single energy
neutrons were scattered from the target so intensities could be
measured directly.

Consecutive scattering by crystal and gas, so diminished
the neutron beam that the final intensity measured was only a
few times background. Part of this background was fast neutrons
from the primary beam of the spectrometer penetrating the
counter shielding, but part too was fast neutrons, scattered
from other experimental holes, penetrating the counter shield-
ing. PFor this reason, most of the measurements were taken at
night or during week-ends when other experimental activity was
at & minimum. Since the experimental technique improved with
time, the various runs were made in somewhat different ways,
but in general the following procedure was =adopted.

Throughout the experiment, the pile power was recorded
continuously. koom temperature and gas pressure were in general
read only at the beginning and end of a run, but if changes were
suspected, also at intermediate intervals. It was assumed that
the equilibrium gas temperature and ambient room temperature
would be the same, since the maximum temperature variation of the
air conditioned building 1is about ¢ 1°%c. Initially the gas
and associated lines were evacuated and then filled to

chamber

prescure from & high pressure gas cylinder. But later practice

was to fill the vessel to pressure twice, allowing the first

fi1ling to flush out through a slightly loosened line connect-

jon, till a pressure of & few atmospheres only was reached.
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Counting rates were measured at each scattering angle with the
gas chamber filled and empty. In addition, at several angles,
the fast neutron background was measured by covering the open-
ing of the counter collimator with cadmium (and/or borated
paraffin). For some runs the angle was varied continuously,
for others intermittently. The counter H. T. voltage was mon-
itored, but seldom altered as the regulation was very good.
The scaler was operated with the scale-of-ten setting for all
scattering measurements.

The neutron wavelength (A), the scattering crystal
lattice spacing (d), and the Bragg relationship (nA =24 sin-%)
determined the spectrometer angle. Setting-up procedure then
inc luded crystal alignment for maximum beam intensity, and
visual alignment at zero scattering angle of crystal, colli-
mator, gas chamber, collimator and counter. For the scattering
measurements, two geometries were employed. The first utilized
two rectangular cadmium irises at the gas chamber, defining both
incident and scattered beam; the second only one iris, for the
jincident beam. Since the iron walls at the chamber have a
body-centred cubic crystal structure, the minimum scattering
angle (except for a slight incoherent component) is twice the
Bragg angle for the 10 planes, or approximately 32°, In the
double iris geometry tnerefore the counter was exposed to.iron
which was in the neutron beam only at the non-scattering angles,
i.e. below 29°% for the particular dimensions of chamber and

irises chosen. The double iris geometry was therefore used for

0
the full sweep of scattering angles: 5° to 90°.
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The single iris geometry however was used only for the smaller
Scattering angles, where there was low intensity from the walls.
At the larger angles the scattered intensity from the walls was
found to be many times that from the gas.

Two other measurements were made in addition to the
scattering measurements. With neutron intensities reduced by a
boron absorber in the main pile beam, the width of the mono-
kinetic beam scattered from the crystal was measured. And as a
check on the methods and constants usdd in analysing results,
transmission measurements were made of the scattering chamber
and gases. for this the scattering angle was set to zero, and
two fine circular cadmium irises reduced sufficiently the beam
intensity for counting losses to be negligible. In addition,
an attempt was made to obtain one absolute calibration point
by measuring the scattering at one angle from a gas known to
scatter with spherical symmetry and to have a negligible ab-
sorption cross section. Helium was msed. 1'he measurements
fsiled, however, for the gas was not of sufficient purity. A
mass spectrometer analysis, performed by the pile control lab-
oratory at Chalk River showed a hydrogen content greater than
0.7 percent. Unfortunately, because the scattering power of
hydrogen is far grester than helium, the precision of the

measurement did not allow a correction to be made for this im-

purity.
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(ii) Apparatus

Figure 1 and photographs 1 - 3 show the experimental
arrangement of pile, crystal spectrometer, collimators, gas
chamber and counter. Neutrons from the high flux heavy water
Pile at Chalk River emerge from the collimator of one of the
4" experimental holes: a steel plug 81" long with a rectangu-
lar hole 1/2" wide by 1" high cut down its length. This beam
is then Bragg-scattered in transmission from the planes
11,0,0) of a NaCl crystal, 1-1/16" wide by 1-7/8"/htihgiflc):yaxz -
placed 24" from the pile face. The unscattered portion is ab-
sorbed in a neutron catcher; a wooden box lined with cadmium,
powdered boric acid, and paraffin, and with a 1/2" thick
powdered boron absorber over its mouth. The diffracted portion
passes down the 1/2" wide by 1" high channel of a steel colli-
mator 1-9/16™ x 4-1/4" x 19", striking the steel gas chamber
29.5" from the crystal, centre to centre. This collimator and
the gas chamber are mounted on an arm carried by a Bofors gun
turntable. On the same turntable and free to rotate coaxially
is the crystal. The angular setting of both crystal and arm
determine the neutron energye. (Both were fixed throughout the
experiment since the energy remained unchanged). A second arm
pivoted directly below the gas chamber, and coaxial with it,
carries a further collimator and the counter and counter shield.
This shield consists of three aluminium cylinders, 11", 5" and
2-3/4" in diameter and 40", 37" and 36" long resp ctively, con-

teining an outer layer of paraffin and an inner layer of B,C.
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Iwo different counters were used during the experiments, and
éach had its 88soclated collimator. oune is 11" in diamter by
11" long, and consists of & 2-1/2" layer of paraffin, a 2"
layer of B,C, and an inner 1-3/4" dismeter tube of cadmium:
the other is 11" in dismeter by 22" long, with a 2-1/2" layer
of paraffin, a 1" to 1-1/2" layer of boric acid and B4C, and
an inner conical tube of cadmium 1-3/4" to 2-3/4" in diameter.
A motor drive, with ad justable reversing switches, provides
automatic rotation of the counter arm over s scattering angle
range 0° to 90°. The primary neutron beam is controlled by an
electrically operated iron shutter inside the pile shielding.

The BF5 proportional counters used were experimental
models developed by the Counter Section at Chalk River. Rach
consists of a 25" cylindrical copper envelope, 2 mil central
tunsten wire, 0.010" copper foil end window, and about 68 cm.
of. mercury pure BFz atmosphere. The first is 1-1/4" in dia-
meter, the second 2-5/16" in diameter. Natural boron is used
for the first, Blo for the second; giving calculated efficien-
cies of 47 percent and 95 percent respectively for 0.07 e.v.
neutrons traversing the 55 cm. active length. The bias and H.T.
curves of the two counters determined the operating voltages to
be £700 volts and 3300 volts respectively. With the dis-
criminator bias settings used, counter 1 showed a negligible
H.T. plateau, but counter 2 was flat for 200 volts. Counter 1

wss measurably insensitive to ¥'s, but counter 2 was not checked.
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Fig. 2 is a block diagram of the aszocisted electrical
circuits for the Spectrometer. The pile power monitor is san
ion chamber (first column} in the pile north thermal column.

It feeds a Brown converter snd a.c. feedback amplifier (N.R.C.
design) which in turn feeds an Esterline-Angus recording am-
meter. With normal scale limits of *+ 25 percent pile power,

the pile power can be read to better than 0.5 percent. In the
counter chain (third column) are: laboratory built, cathode-
follower pre-amplifier; N.R.C. power supply, type 200; Atomic
Instruments linear amplifier, model 204-C; N.R.C. counting

rate meter, G.P.MK.1l; ©T.R.E. scaler, type 200; and finally

two Esterline-Angus recording meters, a single pen, and a ten-
pen. ‘The former meter records from the counting rate meter:
integrated counting rate; ané the latter meter records from

the scaler: individual counts of ten, and from the motor con-
trol chassis: time pulses tminutes), revolutions (every twenty)
and sense of the counter arm drive screw. With the exception
of the pre-amplifier which is behind the counter and within the
counter shield (see Fig. 1), and the converter - a.c. amplifier,

which is near the ion chamber, the chassis and meters are accom-

modated in relay racks adjacent to the spectrometer (see

Photograph 3).
The gas chamber see Photograph 4) is a mild steel

cylinder 2.000 % .001" i.d., 2.160 * .001" o.d., by 3" long,

closed at top and bottom with 3/4" and 1/4" thick end walls.
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FIG.2 - BLOCK DIAGRAM OF ELECTRONIC GIRCUITS
FOR NEUTRON CRYSTAL SPECTROMETER
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1% is designed ror gas at 1000 p.s.i. with a safety factor of
four. A special tee pipe fitting at the top secures the gas sup-
Ply valve and preéssure gauge to the chamber. peyond this valve
is a 2" length of 3/16" i.d. pipe terminating in a standard

high pressure gas cylinder connector. Two pressure gauges were
used: & 0-3000 p.s.i. Airco (Air Keduction Sales ¢o., New York)
with 100 p.s.i. subdivisions, and a 0-1000 P.s.i. Ashcroft
Laboratory Test wauge with B p.s.i. subdivisions. Both were
calibrated against an Ashcroft Standard uauge Tester by an
operations test group at Chalk River. <whe beam irises are 1.00"
by 0.50" inside, and are cut from 1/32" thick cadmium sheet.

the tirst is mounted on a slotted brass plate to be 1-7/16"

from the centre of the gas chamber; the second, used only in the

double slit geometry, is secured to the front face of the counter

collimator.
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4. HKXPERIMENTAL RESUTTS

(a) varbon Dioxide Scattering

Carbon dioxide was chosen as the initial target for
measurements with the neutron spectrometer. +wThe incoherent
rattern of methane as measured with indium foils, was be-
lieved due to spin dependence in the n-p interaction. How-
ever since carbon is predominantly cle and oxygen predominant-

1y ol

both of which have zero spin, the scattering amplitude
and phsse change for each element must be single valued, and
since the pnase of scattered wave is the same for carbon and
oxygen (9) the resultant pattern should be coherent. In add-
ition, the diffraction pattern for COp as given by equation (2)
is more pronounced than that for a simple diatomic molecule;
and its cross section 1is larger (partly due to there being
three atoms, and partly to its abnormally large density at high
pressure) .

The target gas was taken directly from a high pressure
container supplied by the Liquid Carbonic Company. Five runs
were made, where by a run we mean a sequence of measurements with
the chamber filled and empty. The spectrometer was set to &

Bragg angle of 11°, to give monokinetic neutrons of 0,070 e.v.

energy from the (1,0,0) planes of the NeCl crystal (lattice

spacing 5.628 E.). Counter 1, 1-1/4" in dismeter, was used for

211 runs. The mesasured monokinetic beam width (half intensity)

was 2.50 for both double and single slit geometries. Details of



- 2% -

th iy :
€ experimental arrangement for esch of the five runs are

Summarized in Table 2.

No temperature measurements were made

for runs 1, 2 and 3; the pressure drop during runs 2, 3 and 5

was due to a leaking valve.

Table 3 gives the scattered beam

intensities, gas pressures, temperature, and relative pile

powers as a function of scattering angle, taken during the five

runs.

Gas pressures, room temperstures, and pile powers shown

are averages taken over the portion of the run considered for

each angle.

TABLE 2
Run | Running | Mode of Operation |Gas pres- Pres- | Geometry
‘I'ime sures and sure
temperature |Gauge
1 32 hrs. | angle varied con- 800 p.s.i. double
tinuously from 22° and Airco |iris -
to 84° - gas in for O p.s.i. window of
1/2 cycle sweep, out counter
for 1/2 cycle 13-1/4"
from centre
2 %5 hrs. | angle varied contin- | 770 to 780 | " of gas
uwously from 8° to 319 p.s.i.and chamber
gas in for 2 cycles, O p.s.i.,
out for 1-1/2 cycles n
4 hrs. | angle fixed at 750 to 720
? ° g42°, 629, 85° PeSei. and| " "
O p.s.i.
’ . | angle fixed at 818 to 82 Ash- single
4 | B8 hre ® 50, 10°, 179 jpsdu,Zl.ﬁg croft |iris -
to 22.0°C. window of
and counter
15 p.s.i. 21-1/8"
from ¢
. | angle fixed at 784 to 59 n centre o
® 81 hrs gzeo, 40° p.S.i., 22.4]b ga.8
to 23,6°C. chamber
an
15 p.s.i.
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MOST PROBABLE VALUES (BRACKETED) ARE ESTIMATES BASED ON

THE FEW MEASURED VALUES

(UNBRACKETED)

—_—
GAS + TOTa )
ANGLE B | L BACKGROUND TOTAL BACKGROUND T FAST
(0EGR GAS MEASUR — —
EES PRES SURE €D | RELATING | CORRECTED . GAS MEASURED - RELATING I commgergp MEVTRONW i
TEMPERATURE | VALUE | PILE POwER PILE owen  TRESSURE VALUE ' PILE POWER | BACKGROUND
-Ap o a TILEPOWER boooas MR et powen ,,_._J

S O‘ [ ] Qe *

.s 7:0’:; 213°C 1wy .’n.o 1023 128.7¢ 10 1S PS s93%o07! o3 s7sto7 et |
10.0" ozoPs| s2ec12 1033 7 ti2 o 600t 08 1049 , sr2tos (e) !
. 60 PS| €3.3:07| 1033 632t 07 ) ! 346¢ 06 1048 ' 331208 (6) |

9
Te0PS| 5635206 1.03¢ L Y XY . 0 * 271t 09 | 046 2959203, (6)
+ - - s [ S +
’
| 7.0 832PSI 227°C|101.9¢ O.7 1.029 991¢ 07 19 s23¢ 03 1.018 S1.4t 0.3 (e) 1
P19 TeoPs| 48.32 0S| 1.033 46.8* 0.3 0 2432 08 1.048 232203 (6)
223 760 PsI 4.1 06, 1040 39 3f06 o ~202%04 10% | i9.2t04] (6)
24.4 800 PS| 404206 1026 . 39.4%06 I o ‘ 196% 0.4 1.040 189¢04! (6)
L 236 760PS|  369*07| 1036 356207 o ' 193% 04 1053 . 183%04 (6)
: * —_— e 4 -— + ——t- 7~‘¥— -+ C— - 3 - -+
, | ‘ | ,
‘ 260 TSTPSI224°C 8042 06| 1024 . 188206 s ' 48.8% 03 1.03) 473203 (6)
| 206 800PS| 393 09| 1027 383¢ 09 0 | 24.% 05 1 049 zs.ozo.si (3)
290 Té0PSI ' 456205 1.046 43609 o | 31.8¢ 04 1.096 30.1 0.4 l (s)
| 356 | e00PS 32709, 1039 sietoy () 228t 07 1.062 215t07 ' (9)
40.0° '66OPSI23°C | 64.4203' 1.037 e21t 03 ' 13 449t 03 1029 436t03 ' (9)
f - —-¢ + } § . + —
' 40.3 soors| 211 06| 1037 204206 o ,102¢t04e 1063 96204 (9)
| 42.0 745 PSI 180202 1038 732 02 0 " e3%to1 1023 si1t 01 (3)
438 800 PS| 19.2 t0S| 1040 185 ¢t 05 ‘ o | 78* 04 1.0%6 74t04 (9)
516 800PSI 181+ 0S| 1039 '174 ¢t 0% 0 | 735204 1.063 71t 04 S0t04

s7.9 800 PS| 189 2 0S| 1038 , 1822 03 | 0 | 70t04a l 1.089 68204 (3)

. ) | j b
i

20 733 PS8 16.8t02| 1.03I 132 o2 | 0  e2t o0 1.030 €03% 01 (s)
(7Y} s00PSI 1892 04| 1.03% 183¢% 04 0 ¢35t o03 1093 ¢e2t 03 (9
T 200 PSI 1702 04| 1.033 . 16.39% 03 o 63203 1.046 60t 03! (3)
0.0 800 PS) 1642 03| 103 | 159¢ 03 0 63203 1 031 61 a3l (%)
830 729PSI 1422 02| 1031 138 to02 o 61t 01 1 038 39 0.1 (s)

NOTES
(1) SINGLE SUT GEOMETRY OTHEARWISE DOUBLE SLIT (SEE TEXT)
(2) AVERAGE VALUE
(3) WITH STANDARD OEVIATION
(4) THROUGH COUNTER SHIELD (GAS CHAMBER REPLACED WITH CADMIUM)

INTENSITIES OF SCATTERED NEUTRON BEAMS (COUNTS/MIN)

TABLE 3 - EXPERIMENTAL
OF SCATTERING ANGLE

FOR COg GAS AS A FUNCTION
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(b) Oxygen Scattering

The second target gas, 0Xygen, was selected in order to
investigate the large deviation found in the carbon dioxide
pattern. It was thought the low intensity at small angles might
be due to COs at 50 atmospheres and room temperature being near
the liquid phase. Since Op under these same conditions was far
from the liquid phase . this hypothesis could be checked. The
gas of course has the same desirable isotopic and spin
characteristiecs as COg, but being distomic has not as large a
cross section nor quite as pronounced an interference pattern.

Electrolytic oxygen of purity better than 99.6 percent
was used from a tank supplied by the Dominion Oxygen Company.
Three runs were made, and as before, the neutron energy was
set at 0.070 e.v.e An improved counting rate was obtained
with counter 2 due to its larger diameter (2-5/16") and the
BlO enriched filling. Double irises, and a distance from
counter window to gas chamber centre of 25" combined to give a
measured beam width of 3.6°. Pressures were read with the
Asheroft Isboratory Test Gauge. All scattered intensities were
measured with the counting arm fixed at a given angle rather
than being rotated continuously. Other relevant experimental
jetails for each run are given in Table 4. Table 5 gives the
scattered beam intensities, gas pressures, ambient temperature,
and relative pile powers as a function of scattering angle,

taken during the three runs. As before, the pile power values
a

are averages for the portion of the run concerned.
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TABIE 4
Run Running Time Angles Gas Temper-|
Pressures atures
0 0
1 39 hrs' 1009 152’ 20 [ 953 PoSoio tO 23.3000
287, 36 944 p.s.i. and 21.3°C,
22 p.s.i.
2 16 hrs. 452, 55°, 65° [ 920 p.s.i. to | 22.4°C.
10 919 p.s.i. and | 21.7°C.
19 p.s.i.
3 10 hrs, 75°, 85°, 15° | 903 p.s.i. to | 21.5%.
904 p.s.i. and | 21.7°C.
17 p.s.i.

(¢) Transmission Measurements

The attenuation of the 0.07 e.v. neutron beam by iron
(the gas chamber) and by carbon dioxide and oxygen gases at a
number of pressures was measured. For this, the scattering
angle was set to zero, and the monokinetic spectrometer beam
was stopped down by two fine cadmium disphragms. Counting
rates were then taken with and without the given attenuator

in the beam. The spectrometer beam however, has a small fast

neutron component incoherently scattered from the crystal. To

sort out this fast (and therefore epi-cadmium) component, all

measurements were repeated with & cadmium absorber over the

counter. Kesults for a1l runs are given in Table 6. The rates

nave been corrected for sny slight differences in pile power,

pefore entry in the table.
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FOR Op

GAS AS A FUNCTION OF SCATTERING ANGLE

[_"_‘—*-— — o —
ANGLE | GAS + TOTAL BACKGROUND TOTAL BACKGROUMND FAST
_— ] : —— 5 s TRON
w“““'i p..S:Su.u]"f,‘f:“u':D ::;‘;')"“ CORRECTED | (3AS . | MEASURED  RELATING | COMRECTED :‘;"
gvzmnmu.‘ "JI, WER | sl POWER VALUE  PILE POWER | R i
T - = e — — + - + . o
0 ::if" 1 i 1013 | 2643 22 Psi T 139 0 o917 .2 2 0te2
0 | fa 2.1 T t7 (10)
10 BIDPSI | 2885 0979 2609 9 142 3 097y 1453 (10)
£1.7%¢ |  ta.e tie tyy t3
e 933 P8I 2149 1008 | 2129 22 109 4 0 986 | 1070 (1)
€3.3°C tie Y16 $) 2 b I !
|
e = %2 . R 5
= 904PsI 210 8 0 984 2141 ' e 083 0984 noe | (m
2I-Trc t2 4 t2a L 1 tie
|
20 953 PSI 160 2 0990 161 8 22 86 9 0 996 8T 2 122
23.3%C e t 6 t 2 L ne)
28 953PSI ENITY ] 1003 1na 9 22 Toe 0993 | T4 ‘ (3
23:3°C toes t0o 6 toa ‘| toae |
R et L ‘ ' +— - 1
28 944PS| | o2 0983 Ti 4 22 39 0993 393 nte
21.3°% toa | toae o2 | 0.z (14
| ' ‘
o5 920PSI 67.1 | 1000 67 | 9 380 o 97Y . 3es 1422
22 4°C tio . *1.0 o9 | toe | ue)
| | !
| %20PSI | €43 | 1000 641 9 383 | 20f2
e | 223%c : =g ) . s)9 | . Zi4 (e
e 7**#'— - —+ — + B - + + = o
919PSI 399 | 0997 60 | 9 310 CRYT 36 etz
& | arc I ok 04 03 03 (20)
vs | 90809 369 | 877 4 34 4 0 %83 349 este
21 5°C tos ‘ 09 toa toe4 ee)
903 P8 s7e oses | ser | 17 307 o ver 32 23te
i 21 3°¢C to9 | | tow 1 tio .0 (24)
- 1 — | | l | - Ry . J
NOTES
(1) AVERAGE VALUE
(2) WITH STANDARD DEVIATION
(3) THROUGH COUMTER SHMIELD (GAS CHAMBER REPLACED WITH CADMIUM )
MOST PROBABLE VALUES (BRACKETED) K TAKEN FROM PLOT OF
MEASURED VALUES (UNBRACKETED) ARE USED FOR SUBSEQUENT CALCULATIONS
TABLE 5 - EXPERIMENTAL INTENSITIES OF SCATTERED NEUTRON BEAMS (COUNTS/ MIN)
et i B——
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TABIE 6

Run

Attenuator

at 25 3°C.

Ges Pressure | Counts/min. Counts/min.
and without with
temperature cadmium cadmium
1 |eas chamber +Ug | 901 p.s,i. | 13,120 *50 | 411 + 8
at 23.0°C.
2 " " " 614 p.sgi. | 13,410 = 40 406 = 10
at 23.1 C.
5 " " " 314 p 61. 13,0630 £ 50 405 ¥ 10
at 25 1°C
4 " " " Seke 13,890 = 50 420 £ 10
at 25 17C.
5. no chamber - 21,410 £ 70 578 * 11
6 gas chamber +COp 778 p.ssi. 12,230 £ 40 363 + 9
at 23.2°C.
7 " " " 710 p.S.i. 12,410 * 40 350 * 13
at 23.39C.
8 ' " " 363 p.Sgie 13,340 + 50 407 * 10
at 23.3 C.
9 u " " 20 p.S. %. 13,830 t 50 380 = 10
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S. CAICUIATIONS

(2) Scattering Corrections

Several corrections must be applied to the measured
neutron intensities to obtain the true angular dependence of
scattering. They are described below, and applied to the
carbon dioxide and oxygen results of Tables 3 and 5, in

Tables 7 gnd 8.

(1) Pressure and tempersture - In the pressure and

temperature range of the experiment, oxygen satisfies the
perfect gas law, and this equation has been used to obtain

the density of the gas for the various conditions of temper-
ature and pressure. Carbon dioxide however, has been measured
in & region very close to its critical point, so that pv # RT.
A better approximation, the Plank-ckuprisnoff equation (14)

does sccurately fit our data and it has been used to obtain the

various densities:

-7
_19.27T _ .0825 +1.225 x 10 p (3)
= p ‘ T 10/3
, (557)
100

where:
VY is specific volume in meters/kg. (1/density)

p is pressure in kg./meters

T is temperature in degrees absolute
The density of gas in the background run was subtracted

from the density of gas in the pressure run. A1l deta were

ected to an average standard condition, 775 p.s.i.

then corr .

and 22.3%C for COgz,
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GAS CHAMBER
ANGLE BA A T
CKGR '
ouND Gas VOLUME CORRECTION | DOUBLE SCATTERING
(DEGREEY) ATTEN T CORRECTION .
UNATTENUATED ATED SURED AT RELATIVE | CORRECT NORMALIZED* ~
PRESSURE & ECTED
21w eas 7398 | voLum + VALUE OF CORRECTED
- 3 | TEMPERATURE | 223°C,| SoAT oas.| vor uuE DOUBLE  + FOR DOUBLE
s.0 433 374 3¢ 12 s . o (SCATTERING SCATTERING
3 ' ' .9 g 2 227 |
2 i se2d ra e = 22 212 2015 £ 03
.o_ot ‘.‘ - 8 197 | 820 o8¢ 1434 2 03
; 3%.0 87.1 ¢ 09 80.7 —
12.7 A 238 334t 09 | 348 | I i = v oy
13.9 9.9 7.8 IRE; & A B e oes | 320¢ 04
. b l 0. | |
(] 32.4 2922 l 1.10 | 1411 088 |1328% 03
7.0’ 1 T B4 o
434 389 542 % 08 1 48.1 —_ - |
% g | | 544 212 | 332 ¢ 02
191 257t 07 | 268 : |
223 =il e | 2m2 | e 1297 o8s l1172 ¢ 03
15.2 .6 2109% 07 | 228 | I
Ei s e : 20 \ , 2.503 | 911 1197 o8’ |1 0T2¢ 03
] : 22t o1 |
S 4 gy 2t 07 | 209 23653 884 1123 088 [1038% 03
: . . 18.8 ¢ 0.
8.8t 08 i\ 19.6 | 2.288 8 56 087 08s 1002 04
260’ 4.3 36.4 ! T g ] T
o0 31t 07 | 384 — | = | 233 212 | 1021t 02
: 18.0 15.6 Iy e T 16.7 2092 |
‘ w 799 1014 084 0.930% 05
29.0 23 221 | 1682 06 | 72 | 2063 834 | 0%9 o84 0975t 03
356 16.5 14.3 ELE w1 1 e ‘ | .
400’ 386 | ' e Bt B il o84 | 07602 .07
! ; % |
35.0 221 t 0.4 | 298 — — 0957 212 | 0.7T45¢ 02
- . —
40.3 4.8 4.0 et or 107 1547 69! 0877 o84 0.793* 0%
42.0 3 2.74 9%6* 02 | 1032 1493 ' 6 9 0o 8r? o8s 0 792% 02
45.8 24 2.1 14t 08 10.7 1399 ?
| ‘ 67 0 974 08s 0 889 0%
S8 2.1 1.8 . 106 06 100 1276 7 84 0 996 086 0 910t 08
57.9 1.6 1.4 ] 1.8 06 (I 1 180 9 40 I 193 oer 1-106* 06
— —_—— - 4 - + —— + e -+ ———
620 1.08 093 10.37¢ 02 1.44 | 1132 10 12 1206 089 1197 £ 02
4.6 12 0 | 1232089 e | 1108 1047 | 1330 090 | 240% 0%
719 1-0 09 10062 04 ‘ 10.0 1082 93 | 1207 092 1. 11S* 04
80.0 o 1.0 99 ¢+ 04 1019 9.17 1164 096 1068¢ .04
8.0 0.9 08 80% 02 L 903 1 004 9 0! | 1144 099 LO4S * .03
NOTES
(1) SINGLE SLIT GEOMETRY OTHERWISE DOUBLE SLIT (SEE TEXT)

(2)
(3

(4)

(S)

(6)

TABLE T ~

TOTAL BACKGROUND MINUS FAST NEUTRON BACKGROUND

SCATTERED BY CHAMBER WITH GAS AT ZERO OR ATMOSPHERIC PRESSURE

WITH GAS AT HIGH PRESSURE (SEE TEXT)

CORRECTED TO VALUE
SEE TEXT

70 GIVE BEST FIT TO THEORETICAL CURVE AFTER CORRECTION FOR DOUBLE
X 032 DOUBLE SLIT GEOMETRY

SCATTERING — SINGLE SULIT GEOMETRY X 0127

INTERPOLATED FROM VALUES CALCULATED IN APPENDIX

CORRECTED INTENSITIES OF SCATTERED NEUTRON BEAMS
(COUNTS/ MIN) FOR CO, GAS AS A FUNCTION OF SCATTERING ANGLE
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TABLE 8

(1) TOTAL BACKGROUND MINUS FAST NEUTRON BACKGROUND

(2) SCATTERED BY CHAMBER WITH GAS AT APPROXIMATE
CORRECTED TO VALUE WITH GAS AT HIGH PRESSURE

(3)

(4) TO GIVE BEST FIT
CORRECTION APPLIED

() INTERPOLATED

GCORRECTED
O

FOR

GAS AS A FUNCTION OF SC

SEE TEXT

FROM

INTENSITIES OF SCATTERE

TO THEORETICAL

X 0475

VALUES CALCULATED

LY ATMOSPHERIC
X 0.960

CURVE AFTER DOUBLE SCATTERING

IN APPENDIX

GAS CHAMBER
ANGLE BACKGROUND GAS VOLUME CORRECTION DOUBLE SCATTERING
CORRECTION :
(DEGREES) NORMALIZED
ATT AT MEASURE T
UNAT TENUATED m‘:‘:‘:“’ RS Lnr & lnid pay | HELACTYE [ SR # [vALue oF | commEcTED
P DOUBLE FOR DOUBLE
2 | TEMPERATURE | 22.3° C 5| SCAT GASj)| VOLUME SCATTERING | SCATTERING
10 |
10 e AR 130.1 ¢ 27 127.8 3.3086 38.69 1.837 070 1767 £ 04
|
; 353 127 2 1237% a9 124 8 3306 37.7% 1.793 070 1.723% 07
|
96 0 902 n.r% 20 109 7 2979 36.83 1. 780 068 | 682t 03
1S 99 2 933 1098 * 29 2.3 2 979 3770 1791 068 1723 % 04
20 73.2 707 791 %t 20 776 2 653 29 2% 1 390 087 1.323% 03
28 S8 4 549 466* 07 as7 2 131 21 47 1022 1] 956t 019
36 2%5.3 238 SSGI(JCSE 33.08 1702 19 42 0923 063 838 0|
43 228 21 4 29713 | 300 1414 21.20 1. 007 064 943 % 04
5s 203 19 | 272* 16 274% | 1221 22 %0 1.068 063 1003t 04
|
I |
65 16 109 1 292* 09 2947 1103 2673 1.269 06T 1.202* 02
73 129 121 236! 06 2413 1.03% 23 30 1107 070 | 037t 03
85 15.2 143 } 199 ¢ 1.3 2035 | 1004 20 27 0964 o074 0.890 * 06
NOTES

PRESSURE ,

D NEUTRON BEAMS (COUNTS/MIN)
ATTERING ANGLE




- 32 -

temperatures were taken, the standard temperature was
assumed, and where the pressure during a run varied con-
siderably (e.g. at 40°, run 5, Table 2) the run was broken
into intervals and each one calculated separately. This
served in fact as a useful check on this correction.

(ii) ©Pile power - This is a direct corrsction to

counting rate, and has already been done in Tables 3 and 5.

{iii) Scattering volume |(see Fig. 1A,(b) and(c) page57)

With the single slit geometry, the counter "sees" the same

volume of scattering gas independent of angle. With two

irises however, the volume is & function of angle. It can be
1"

proven easily that for s by 1" defining slits and a 2% 1i.d.

gas chamber:

14 .50 _.% > cos(14.5° -~%)
Ve 1r ( ) . 5 for 0°< © < 29°
22.5° cos =
2
_ 1 for 29%< 0 < 90°  (4)
sin ©
where:

. s 2
YV is the volume of scattering gas in inches

0 is the angle between incident and scattered beamsin
degrees.

(iv) Multiple scattering - This effect arises from the

wall of the gas chamber and the gas jtself. 1ts magnitude 1is

not known rigorously, for the calculation, though possible, is

not easy. & multiple integration involving explicit functions
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for the angular distribution of both wall ang gas is re-

quired, for double, triple, etc. scattering in turn.
Approximate solutions have been worked out however \see the
Appendix) by considering only double scattering, and by
assuming the gas to scatter isotropically, the wall to
scatter not at all up to 300, and isotropically beyond 30°.
Numerical calculations are given of the ratio, double to
single scattering, for the two geometries of our experiment.
They show that with the approximations used, this ratio is
very nearly independent of angle for both the single and double
slit geometry. The scattering powers of the wall and the two
gases are based on equation (5) and Table 9, column 5 (see
next section). Since single scattering is assumed spherically
symmetrical and is normalized to unity, the double to single
scattering ratios represent the absolute values of multiple
scattering. As the final correction they are therefore sub-

tracted directly.

(v) Attenuation - Attenuation of the incident and

scattered beams by walls and gas is appreciable, but since the
path length is nearly independent of scattering angle, it has

been neglected. Were the gas density to have differed greatly

between runs, & correction would have been applied.

(vi) Background - the background run (vacuum or atmos-

peric) cannot be subtracted simply from the high pressure run

p
. $o0 give the t

rue gas scattered part. ‘‘hy not? Because that

frzction of the packground, which 1is caused by the monkinetic
rac

beam scattering from the vessel walls is mettenu.ted in the
€

packground run, but attenuated by the gas in the pressure run.
a ’
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1t must therefore be decreased accordingly before sub-

traction. «vhis may be better understood by considering what

makes up background. Koughly it may be divided into three
parts. rirstly, there are fast neutrons from all directions
reaching the counter by penetrating its shielding. +this is
the predominant portion at large angles. Secondly, fast
neutrons in the monokinetic beam scatter from the chamber and
pass up the counter collimator by penetrating the second cad-
mium iris. And finslly, 0.07 e.v. neutrons scatter from the
chamber. “This is the predominant portion at small angles.
As already described \see "Apparatus“) most of the slow neutron
scattering from the vessel walls is effectively blocked by the
geometry of the system. Therefore what remains, from this
source, 1s likely an incoherent component at small angles, and
a wall-wall doubly scattered component at large angles.

The intensity of fast neutrons penetrating the counter

shield was measured directly by replacing the gas chamber with

s, sheet of cadmium. Subtraction from the run with the vessel

empty leaves the background of fast and slow neutrons scattered

from the gas chamber. <This remainder is then corrected for gas

attenuation, without further background separation since the
secattering cross sections of carbon and oxygen are very nearly
constant from 0.07 e.v. to 100 Kev. (15). Gas attenuation is

based on equation (5), with values of o from Table 9, column 5.
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(b) Transmission Measuremsnts

In general a neutron beam is attenuated by absorption
and scattering. Since for iron, oxygen and carbon the ab-
sorption cross section is very small (16) we may consider the
attenuation as due to scattering.

Tet X be the transmitted fraction of the beam. Then:

- tpell
X =e 2 (5)
where t is thickness of scattering substance in cm.
p is density of scattering substance in gm./cm?
2

o is molecular scattering cross section in cms%

A is atomic weight of scattering substance

N is Avagadro's number

Using equation (5) and the data from Table 6, experi-
mental values for the molecular scattering cross section have

been calculated. Equation (%) is used as before for the
density of COgs. The s low neutron transmission (X) is the ratio

of counting rates with and without the scatterer in the beam,

after the fast neutron component (columm 5, Table 6) has been

subtracted from the total (column 4, Table 6). The total

thickness of iron is taken as 0.406 cm. and of gas 5.08 cm.

These results are given in the first four columns of Table 9.
In the fifth column, for comparison, is given the sum of the

a

jg 4.7 barns, and of oxygen is 3.9 barns (15).
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TABIE 9
$catter- Vensity | Slow neutron |Experimental | Sum of scatter
ln% sub- (p) ~ trans- molecular ing cross sec-
stance mission (X) |scattering tions of con-
Cross stituent atoms
section
Fe 7.8 0.646 + .003 |12.7 * 0.2 12.7 barns
0.129 0.896 £.004 |12.2 * 0.6 12.5 barns
0.048 0.961 =£.005 12.1 £ 1.5 12.5 barns
0o 0.079 0.945 £ .005 7.4 * 0.7 7.8 barns
0.053 0.966 * .005 6.8 1.0 7.8 barns
0.026 0.984 % .000 6.4 £ 1.8 7.8 barns

(e)

Theoretical Curves

(i)

Both CO, and O

Diffraction Patterns

very nearly sstisfy the conditions:

(a) constituent atoms are single isotopes, (b) nuclei have

zero spin,

molecule (9).

(c) phase of ccattered wave same for all atoms in

There fore we may write for the intensity (1)

of the elastically scatt

ered neutron beam:

.8
Carbon pioxide: . 4m21 sin §
Sln( A )
2 1I,:a . 2V2
1 = Ky(2h* Ve 1 48, sin %
A o

+e¥ W,

4:'“'422 sin z)

sinl

A ) (6)

4w 4, sin °

2

A
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o
Oxygen: sin(4n[1 sin z
o A
I-Ka(2y" + 2y?
1 1 -— ) (7)
4w, sin @
1 2

A

where: “’1 is atomic scattering power of oxygen, or

square root of scattering cross section of
oxygen atom

W 1s atomic scattering power of carbon, or
2 square root of scattering cross section of
carbon atom

51 is distance between oxygen nuclei in the
molecule

Y is distance between oxygen and carbon nuclei
2 in the moleculs '

is angle between incident and scattered waves

is de Broglie wave length of the neutrons

K7 1is normalizing factor, and equals 1
2y 2 4 2"/ e
2
Ko 1is normalizing factor, and equals i
2 2
1

Using equations (6) and (7), curves of I versus ©

(for 6 = 0° to 90°) havs heen calculated. The following values

for the constants have been assumed:\V1==,/3.9 x 10712 CMe ,
Vs -J2.7 x 10712cm. (see last Section),,e1 =1.20 x 10~8cm. (17),

£, =1.16 x 1078cm. (18): A=1,06 x 10"8cm. This wavelength
2
corresponds to a neutron energy of 0,070 e.v. for in the non-

relativistic case (10):



T omv (8)
where:
is de Broglie wave length of particle in cm.
m is particle mass in gnms.
v 1s particle velocity in cmysec.
E 1is particle energy in ergs
h is Planck's constant

(ii) Doppler Correction

The above calculations are for the ideal case of mono-
chromatic neutrons. However in practice the thermal motion
of the gas molecules produces a Voppler spread in the neutron
wavelength. 'T'he effect is small for, the molecule to neutron
mass ratio being high, the velocity ratio is low. An approxi-
mate correction has therefore been computed by treating
separately five equal groups of molecules with component velo-
cities in the direction of the incident neutron beam of O,

£Vy, * V3 (cm./sec., where from kinetic theory (19):

VI v, 2

— (]

o ()
2 / e d(—:-})= 0.4 (9).
mo,
and v s
o _ (-2
2 / . () a(%f— = 0.8 (10)
3

ol is the most probable molecular velocity (cm./sec.).

From (9) and (10)
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V1 = 0.371e¢ ang Vo = 0.906

x —_— n———
ll

where: R is gas constant 8.31 x 107 erg/degree/mole.
i is molecular weight of gas
T is absolute temperature of gas
Equations (9), (10) and (11) therefore give the com-
ponent velocities of each group of molecules. s5ince the re-
lative velocity of a 0.07 e.v. beam of neutrons with respect

V1 V2
), v(lt;—), where v is the neutron

to each group is v, v(l.tv—-
),

velocity from equation (8 five separate wavelengths may be
calculated by substitution back into equation (8). Separate
patterns can then be calculated for each group which will be
similar in form but expanded or contracted in the 6 dimension.
These groups of molecules differ only in their velocity com-
ponent parallel to the neutron beam. Consider now each group

to be made up of five equal sub-groups with velocity components
of 0, £v,, *V, perpendicular to the neutron beam. “The patterns
of the sub-groups will then be identical in form but displaced
in angle from the central position: 0, :%—l and + ;‘2 . ‘The
direct addition of these twenty patterns (times a normalizing
0.05) gives the final pattern. In practice it was possible

to add the five parallel component patterns and apply the

perpendicular component correction to the resultant.
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(iii) Change of Coordinate System

The above calculations are for a centre-of-mass
system. Since they assume elastic scattering, the con-
version to the laboratory system is easily made (20). If:

1(g) = gtg) 1(e) (12)

where: O 1s scattering sngle in centre-of-mass system
# is scattering angle in laboratory system

I(@) and I(©) are intensities in two systems

th -
" 0 =@ + sin 1(%:2 sin @) (13)
1
' 2
(I_ILZ. cos P+ ﬁ-— (%2-) sin2¢)2
m4 1
glg) = = (1)

ﬁ- (r—n-?i)z sin2¢
mj

where my and my, are masses of scattering and scattered

particles. 'hese can be reduced in the case my » m2 to:

m
o =~ f+ —= sin § (15)
my
i (16)
= 2 —
g( @) 1+ - cos @

Equations (12), (15) and (16) habe been applied to the Doppler

corrected curves of both CO:2 and 02. The resultant patterns

are plotted in Figures 3 and 4 together with the experimental

points from Tables 7 and 8. In addition, to show the magni-
tudes of the Doppler effect and this conversion, the un-
corrected curves for Op are given dotted on the same figure

(E‘igo “-’
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6. DISCUSSION

(a) Analysis

Figures 3 2nd 4 show how well the classically calcul-
ated patterns Tit the observed points. Lt may be observed
that: (1) there is gobd angular agreement between theory and
experiment, both maxima and minima coinciding within experi-
mental error; (2) there is good relative intensity agreement
in the case of oxygen, but some deviation; (3) there is only
fair relative intensity agreement in the case of carbon
dioxide, for the intensity falls off strongly at small angles.

rhe angular agreemcnt is not surprising since this only
confirms the already established internuclexr distances for
COo and Op of 1.16 E., and 1.20 E., respectively; and the
experimental errors of this confirmation are many times
larger than those set on the known values. Moreover, as
shown in succeeding paragraphs, the most probable causes of
e discrepancy between theory and experiment affect the in-
tensities of the interference peaks, ratner than their
angular positions.

the relative intensity agreement in the case of oxygen
is perhaps surprising, considering the simplicity of the model

upon which the calculated curves were based.

& However, recent calculations by uvr. J. A. Spiers of the
rheoretical rhysics Branch, Chalk xiver lLaboratory, in-
dicate that under the conditions of this experiment the
correct quantum-mechanical expressions reduce to s form
very close to that of the elementary theory. This work
will be published shortly.
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For the model has two inadequacies which could camse dis-
crepancies between theory and experiment.

The first is that it takes no account of inelastic
scattering though this is known to occur. The magnitude of
this error is difficult to estimate, but there is experi-
mental evidence that it may be small. Kermi and Marshall (9)
give a8 total measured cross section for COp of"24.5 barns
compared to a calculated elastic cross section of 24.8 barns,
a total measured cross section for;02 of 16.2 barns compared
to a calculated elastic cross section of 13.2 barns. The
wgvelength used was very long (5.1 E.) but the gases were,
as in the present experiment, at room temperature. It is like-
ly that the inelastic cross section will produce incoherent
scattering tas in the case of X-rays and electrons). If how-
ever it were in part coherent, it might cause local deviations
from the elastic scattering curve such as are observed. EX-
perimentally this could be checked by a series of measurements
over a range of neutron energies and gas temperatures;
theoretically by a rigorous quantum-mechanical calculation of
the inelastic contribution.

The second inadequacy of the theoretical model is that
it takes no account of the magnetic moment of oxygen. Since
this gas is paramagnetic, part of its molecular scattering
cross section is due to the interaction between the magnetic
moments of the Oxygeggmolecules and neutrons (21). The

effect however can introduce only incoherent
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scattering (22), and since this has not been observed,
it would appesr to be small.

Since the oxygen correlation is so good, inadequacy
of the theoretical model cannot easily explain the lack of
relative intensity agreement in the case of carbon dioxide.
More probable is intermolecular interference from molecules
that are not completely free. 1In a study of X-ray scatter-
ing from argon near its liquid phase, Eisenstein and Ging-
rich (23) have shown that the gas pattern exhibits inter-
ference features characteristic of the liquid pattern.
Barlier Debye (24) had shown theoretically that a monatomic
gas at very high pressure should give an interference mini-
mum due to an intermolecular distance regularity introduced
by the actual volume of the molecules. This cannot explain
the results found in the argon study however, since the
argon density was in general much less than that assumed by
Debye. An analysis by vineyard (25) indicates that partial
association of the argon molecules, giving rise to density
fluctuations in the vapour, might explain the patterns
observed by Eisenstein and Gingrich. If the carbon dioxide
experimental diffraction pattern (Fig. 3) is compared with
the equivalent& argon diffraction pattern (curves 8, 19, 22)
(23), it is found that the deficiency in scattering is in
good agreement but that the carbon dioxide shows no excess

scattering corresponding to the liquid peak found for argon.

& By the Law of Corresponding States
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The evidence is therefore good but inconclusive that the
intensity deficiency in the COp pattern is due to the gas
being near the liquid phase.
(b) Errors

Txperimental limits on the points of Pigures 3 and 4
are standard deviations due only to counting statistics.
To this uncertainty must be added any experimental errors.
(1) Temperature and pressure - Where no temperature was taken
there could be s 1°C error, or ~ 0.8%h uncertainty in the
density of the carbon dioxide. With the Airco pressure gauge,
a 2% pressure uncertainty or ~ 3.6% density uncertainty is
possible.
(2) Gas purity - Electrolytic oxygen is 99.6% pure, so that
even a hydrogen impurity could not seriously affect the results.
Impurities in COp are probably larger (26). A 1% Ho contamin-
ation could cause a 105 incoherent background, but in the
laboratory system this background would be larger rather than
smaller at small scattering angles, in contrast to the observed
intensities. Hydrogenous gases could be serious if their
abundances were appreciable, (say » 1%), but this is unlikely.
Other gaseous impurities can be neglected since their scatter-
ing cross sections are not appreciably greater than that of
carbon dioxide.
(3) ZEnergy and angular spread of incident besm - The former

is due partly to crystal disorder, but mainly to the solid
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angle of the primary beam. Width of primary beam

A0 = tl/Bo, so variation in neutron wave length

The result is a negligible flattening of the pattern,
analogously to the Doppler broadening. The finite beam
width has a similar effect.

(4) Higher orders - lMeasurements and calculations by

D. G. Hurst show 2nd and higher orders to be € 2% at 0.07
e.V. energy.

(56) Chamber asymmetry - With the variation <« 0.001" in
0.080", and the wall attenuation ~ 20%, the intensity error
must be < 0.3%.

(6) Iris widths and alignment - It can be shown that mis-
alignment has no efrfect to & first order of accuracy. i#rom

0 to 500 the same is true of a variation in nominal slit

90
width, but at O0 there may be an error in scattered intensity
proportional to this variation. The measured variation was
0.012" or 2-1/2% of 0.500", so at small angles a 1-1.5% error
is possible from this cause.

(7) Multiple scattering - Since gas and wall do not scatter
isotropically as as:umed for this correction, this is a
possible source or error. LIt does not easily explain differ-
ences 1n the behaviour of COg and Op. But since tne wall does

soatter with pronounced interference peaks, it could explain

small peaxs which both gases have in common such as at 16?
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\8) Background - This correction is subject to criticism on
several counts. rirstly, the averaging procedure for U0go may
not be completely justified, i.e. measurements of fast neutron
background should be taken st every point. However an error
introduced in this way could not be large, for such a fast
neutron background cannot have rapid variastions in angle.
Secondly, the attenuation correction is not independent of
angle. Such an error will appear at the larger angles, but
fortunately at these angles the corrcction is small, e.g.

if Oy attenuation at 65° is one half that shown in Table 8,
the resultant error in intensity is 1.2%, or less than the
standard deviation. Finally, constancy of background may be
questioned. Night and week-end runs largely overcame this
difficulty but run 3 of oxygen (75° and 85°) was made during
the day, and is suspect on that count. The error at these
angles might be as high as 5 - 10% due to stray radiation from
neighbouring beam experiments. And finally it was noted
(under "Apparatus™) that counter 2 was unchecked for ¢-sensi-

tivity. However, a ¢- background would be measured with the
fast neutrons so its subtraction is assured.

(¢) Recommendations

Recommendations for future gas scattering experiments

fall into three categories: (1) improvements in experimental
technique; (2) companion theoretical studies; (3) targets
most usefully investigated.

In the first category looms large the reduction of back
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ground and double scattering. Heavier shielding about the
primary beam, and around the collimators and counter is
indicated. This point is in fact a major consideration

in a newly designed monochromatizer being built by the
Technical Physics group. Double scattering can be reduced
in several ways. A decrease in pressure or in iris height
reduces the gas-gas component, but at the expense of in-
tensity, therefore unprofitably. A reduction in wall
thickness through the use of high stress steel reduces the
gas-wall and wall-gas components at no sacrifice. Further,
internal shielding of three quadrants with cadmium reduces
the gas-wall component still more. By these means an over-
all double-to-single scattering ratio of 3% might be
achieved.

Categories two and three go hand in hand. Lt has
been suggested already that further investigation might well
be done on the same two gases, over a range of temperstures,
pressures and neutron energies. This should throw light on
the irregularities observed. 1The investigation would require
many months, even with shortened runs through an improved
technique. At a later date this should be done, but im-
mediately it may be oi more value to perform experiments
specifically designed to yield useful information with one

or two patterns. Such experiments lean heavily on theory

What are some of these experimentg?
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One might be scattering of neutrons by deuterium
gas (at the temperature of liquid air, to reduce Doppler
effect). There is good evidence that the neutron-deuteron
scattering cross section is spin dependent, but accurate
values of the two scattering amplitudes have not been
determined. (12), (27), (13) A4 calculation based on
Schwinger-Teller theory (28) will show whether the dif-
ferential cross section depends markedly on these ampli-
tudes, and therefore whether there is value in an angular
distribution measurement. This problem is being investi-
gated in the Theoretical Physics Branch under Dr. . H.
Watson, at Chalk River.

Another might be the scattering of neutrons by
nitrogen. This nucleus too is spin dependent (27), and has
the great advantage of occurring naturally as almost a single
isotope. Once again, a theoretical treatment is desirable.

And finally there is the scattering by oxygen. If s
rigorous calculation could be done on this gas (perhaps at
liquid nitrogen or hydrogen temperatures where fewer rota-
tional states are involved) then one or two patterns might

yield data on the magnetic interaction between neutron

and nucleus.
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APPENDIX

Double Scattering

General Case

Consider #ig.lA(a) where:

R,t,T,W,w and T are internal radius, wall thickness,
widths and height of incident and
finally scattered beams, respectively

X,y,2 &are coordinates of incident beam

x',y',2' are coordinates of finally scattered beam

¢ is angle between coordinate systems x,y,z and
x',y',2'

L(x,y,z,x',y',2',#) is distance between x,y,z and
x',y',2"

Ol(x,y,z,x',y',z',¢) is angle between incident and
singly scattered beam

Qz(x,y,z,x',y',z',¢) is angle between singly and
doubly scattered beam

N is intensity of incident beam \neutrons/sec./cmz)

€(0) is fraction of beam scattered by gas/unit length/
unit solid angle as a function of
scattering angle ©.

p(e) is fraction of besm scattered by wall/unit length/
unit solid angle as a function of
scattering angle O

n is solid angle of final beam
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If only s small fraction of the beam is scattered by gas and

wall, the intensity of singly scattered beam is:

n(f) =~ NWTWV(-?{E-)- (for ¢¢sin"1 %Lﬁ + sin™" —p)

and doubly scattered beam is:

n(g) = NN {

Ll

[ / Cfa)ffﬁ)dkafyd}dx'a{v%/]'
-T
z

ﬂlaL/fldd clxolysly ol oy oy’

e(8,)ul6, ‘d ot !
[“‘n T /) dx.t,./3.&a¢a¢/

W o™, - _w Py LA L®
T VYRWax* "y "% - 2

(A2)

For explicit values of the functions €1(9) and ul0) this

integral expression can be evaluated numerically. This has

been done for special cases.

Case I

W<R weR and t« R (see rig. A1 (1))

In addition, the gas and wall sre assumed to scatter
is

al1y: otropic-



- 53 -

& M
ar oM A n

'hen, the intensity of singly scattered beam is:

N(@) ran (for @ <« sin i sin~1 %) \A3)
=z or in 55 + —_—
41 sin ¢ 2R 2R
and doubly scattered beam is:
v R I w R _T
Neg > -y
N(f) = —— {6,[2/ /z/‘ f‘—l-z- dxdydzdx'dy'dz*
160° Uy L Jr dwlp ¥
F2 2 2 2
w I W R T
Tz (3 T 1 '
+ 4}111: f —= dxdzdx'dy dz'}
ud ‘T Y J L
: ¢ °f R ¥ (44)

Letting ratio of intensities of doubly to singly scattered

beam be (@), and replacing continuous variables x,y,z,

x',y',z' with integers J#¢,m,n, g¢',m',n‘, respectively, gives:
W 2R P W 2R T |

M( @) ;—,M {5' Z z 2 Z a2amanalam'an’

4w L (2wmnL u n’)

L=y wmzi ne &= W=z n'zy

w 2R T

*4pt EW ZTZ\ > 2 "2“““"’%»'}

2% nei 'z May n'ey L."(.Q,n,e;m;,,o;

(for § & sin~? %H + sin™t v§v_§ (45)

Note

In the following numerical exsmples: i

to scatter isotropically only fgr W/'G(}éf#‘e zs%laés ﬁs;med
0<0<m/6; thgrefore all values of 1/L havin £! Tt

wgi):hm this 60 conezare omitted from the sumgatioz’lm &

;) f‘l’hihvalue of 1/L* for £,m,n%l ',m*,n' has been determi

dy bxir er numerical integration to be approximatel 56(1)'m1ned
ouble scattering from gas, 3.0 for doub] .y 050 for

wall. e scattering from
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Examples

W= w=1.27cm.; k=T=2.54 cm.

. {.0258/cm. for G0y, at 775 p.s.i., z2.3°C,
!
.0116/cm. for Uy at 910 p.s.i., 22.3°C.

plt = 0,197 (for a 0.203 cm. iron wall)

Let unit of length be 1/4" for summations in equation (A5),

then:
.0164/unit length or
We w=2; R=T=4; &= ; pt=0.197
«0074/unit length
and equation is valid for § > 29°
va) @ = 90°
2 4 2 2 4 ¢ 8 4
. 1 2 2 /
i = 8e, 3 X 2222 L %
2 { 4 ’ ""'16 1] &'
4Mx2xX4X2 0o LS., X b, T Z:'\gz.-.‘ 22' g
= 3,0751 + .053 or 10.3% for COs, 7.6% for Op
(b) ¢ = 45°
0.707 { 2 3 & &d&E - .,
- 55 5 S5 ot S
L L
4mK2x4x2 221 mel M5 2e) misimies -€§ "2’-132:: '%' "ZS’L;
= 2.40 El + .046 or 8.5% for CO,, 6.4% for 0,

sin
(¢) g = 0 ( - replaced by %R ; See singly scattered
beam, Case II)

f-f"qrxax4xa{3‘22222 L‘+I6/“' fjf: é r‘li}

M2 Nz 021 m'z; n'c

ns/ Le; mz n'sy

= 1.44 €, + .063 or 8.7% for COo, 7.4% for 05



Case II1
< R w< 2(R+t) t <R (see Fig. Allc))

Gas and wall assumed to scatter isotropically:

- 6.I /uo
E e and p = T

Then intensity of singly scattered beam is:

NWTR &
o — (86)
2

and doubly scattered beam:

n(9)=~ Nen Lg [*

z
Z
/ oAx 'cfy A2’
ot / S Lty s
-T
Z

W T R JRIy? —-E

2
+ Z/“.t// / /-é-i dxdso/n'vf;'o(]'
4
z

(A7)

The ratio of intensities of doubly to singly scattered beam
(M(¢1) can be evaluated numerically: but the expression is

not as simple as equation (A5), since the %meation extends
over the whole cylindrical volume of gas ;;11. Fortunately

the first two terms of equation (A7) are independent of {.

& Qualified for numerical example as in Case I
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Using the data of Case I, the value of M for C02 has been

determined. The third term was calculated for § = 0°, but an

estimate for ¢ =-£50O shows it to be very nearly constant over

this range. An average value is given

M = .042 + ,066 + 0,104 = 21.2%
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FIGURE Al — DOUBLE SCATTERING
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PHOTOGRAPHS

1. Neutron Crystal Spectrometer

\with gas chamber, collimators,
and beam catcher removed)

2. Crystal Assembly Detail

(a) BF

(b)

(e)

(d)

(b)

(e)

(d)

(e)

3 counter

and shield
Drive shaft

Experimental
hole E-10

Auxiliary
BFZ counter

(not used)

NaCl crystal

Bofors turn-
table

Gas chamber
mounting post

Counter arm

Limit
switches



(a) Associasted
electrical
equipment

(b) Beam shutter
motor
control

(ec) Bofors turn-
table

5. oSpectrometer and Associated
Electrical Equipment

ta) Pressure gauge
(b) Needle valve
(c) Cadmium iris
(d) Gas chamber
(e) Mounting coup-

ling
(see photo.2(c))

4, Gas Chamber
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