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~ The preceding paper described in some detail the neutron
shown in the first slide. This instrument was (Sﬁ#d"é n us to detern
1ntens1t1es from sod1um hydride and
ation_ about ‘the scattermg cross sect

spectrometer =
» the dszracted

the proton and deuteron are suﬁ?m nty&s'lfnple % ave“:*permltted rather detaﬂed calcu—
lation of their propertles which is not possible for heavier nuclei ond, crystal struc-,
ture analysis by means of X-rays rarely gives information as to the 1ons of hydrogen:

. atoms in the unit cell beca}_gﬁse fnthe_ very small scattering factor of hydrogen.” However

 crystals permlttmg the identification of spec1f1c hydrogen p051t

hydrogen catalyzed by a small amot T

which is chemically identical to ‘hydrogen, has a very

, materlal m the crucible can be ag‘ltated without

AT

y ogen a8 will be discussed later, and consequently
hydrogen posmonswcan be located by neutron diffraction ‘ana1y51s Furth,,, 10re, deutermm
ferent scaltering factor for neutrons
e poss1b111ty of” selectwe substitution of deuteriu drogen in certain
where there may be

This offe ers

many hydrogen atoms ina un1t cell

Sodlum hydride and deuterlde 2 were made by the dlrect vreact:ton between sodium and

' generator used for the prep-
aration of the two mater}églws« i th1s flgure “A’ is the electro-
lytic cell, charged with light or heavy water for producing hydrogen “or deuterium, The

gas from the electrolytic cell passes over copper at 300°C in chamber ‘‘B”’ to promote re- ‘
action between hydrogen and any oxygen that might be present in the gas. Aftér passing
through the drymg cell “C”’ the gas is lead into the thermal pump “p’?, This pump circu-
lates the hydrogen through the reaction chamber epr? ALl of the ¢ ated hydrogen passes
through a liquid nitrogen freezing trap for fur

~of a Pyrex envelope containing a stainless steel cruc1b1e whlch carrxes the sodium. T

hydrogen is introduced through a stainless steel | tube which extends to the bottom of the
- the he 1 lten sodmm A 'rotat able steel stirr g”rod
runs through the tube and‘xs sealed w1th a piece of pressure tubmg in such a way that the
letting air into the system. Sinceare-
n, a. heater in the form of a cyhndrlcal

L
_ At the start of a _preparation run the system is evacuated to a low pressure, to remove
a11 oxygen and water vapor. Enough hydrogen is then generated to brmg the pressure in

the system to slightly more than one atmosphere. The temperature of reaction chamber is

next raised to 380°C and the circu
charged with 10 to 15 gms dium and the reac
the sodium had been converted to the hydmde T

and 0.3 gms/hr i

pump started" ‘The reaction chamber was usually
¢ d t proceed until 30 to 50% of -
fe of reaction var1ed between 1 gm/hr o
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Physically sodium hydride is a grey or white powder with a density of 0.92 gms/cms.
It is extremely active towards water or water vapor and consequently must be handled in
a dry box and kept in sealed contajners. The sample holder which was a rectangular metaﬁ
frame, with 2 mil aluminum windows on each side to transmit the neutron beam, had also
to be constructed so that it was air tight.

Earlier X-ray measurements of NaH showed it to have a cubic unit cell with a, =
4.87 A°, The Na atoms are in face-centered cubic positions, but the hydrogen atoms
cannot be assigned definite location by X-ray analysis so that the crystal may have either
an NaCl or ZnS structure. The crystal has however been described as having an NaCl
structure because of its similarity to LiH whose structure is known.

The neutron diffraction intensities obtained with NaH-and NaD are shown in the next
slide (Slide III). X will be seen that for NaH diffracted peaks occur at angles corresponding
to the (111) (311) and (331) planes, while the measured intensity does not rise above the back-
ground at the (200) (220) or (400) position. With NaD on the other hand fairly strong peaks
of intensity are found in the (200) (220) and (222) positions, and a weak one in the (111)
position.

The effective scattering factors F2hk1 for the various combinations of Py can be
calculated from the measured intensities by means of the relation

Ppa = 3IM2 h o’ -,/“h sec 6
e Y]
2 / J Fha

P, arr £ sin220

where: Pq 2nd P, are the peak and incident beam intensities

7~ the neutron wavelength .

1 and h the width and thickness of the specimens

M the number of molecules per cubic centimeter

A and / the powder and crystal density

~4the absorption (linear) coefficient

j the multiplicity factor for the planes in question
and © the angle between the plane and beam.

As with X-rays the scattering factor Fpky is made up of the scattering contribution for
each of the two atoms involved in amounts which depend upon arrangement of the atoms in
the unit cell. ’

The values of Fpy in terms of the scattering factors fy, and fy for the two possible
structures in comparison with those obtained from the measurement are shown in the next
slide, (Slide IV) K will be observed that the measured F values for NaH satisfy the inten-
sities for the NaCl structure if it is assumed that the scattering phase of hydrogen is
opposite from that of sodium. The ZnS structure cannot be satisfied by any combination
of f, and f since the absence of the (200) (220) and (222) reflections require that fy,
=fg But when this condition is fulfilled there should be a reflexion in the (400) position,
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For NaD the measurements are satisfied ‘ythe NaCl structure if it is assumed that fNa
and fp have the same sign and that th ir ratio differs but slightly from un1ty

An analys1s of the error of measurement of the observatlons “shows that the ratio
p%ZOO) / P?(lll) is less than 5%. This permlts settmg an’ upper an ower ‘ﬁmltwfmﬁ?

- fH /iNa of - 1.8 and - 0, .5, inasmuch as the scattering cross- sectmns are proportmnal to

the square of the f-values _Therefore the ratio of the cross-sect1ons lies between the
limits of about o

02¢ “H/ OVN <4

and the phase of the wave representmg the neutrons coherently scattered by hydrogen
unamblgously differs by 1800 from that representing sodlum scattermg

Measurements on other matema
' 0.7 barns. Assummg this cross .sect
“between 0 2 and 3 0 barns

ti n ofsodmm tobe

The reversal of phase observed for hydrogen arises from the spin dependence of the -
interaction between the neutron and proton. The bmdmg energy of the deuteron 1nd1cates .
that it is normally in a triplet S-state with & ground energy level of J_ = 2.1T Mev. How- '
ever, there is also a virtual singlet 3-state with energy of } = ~ 0.068 Mev, as can, for ex-
ample be demonstrated by the difference in scattering cross-section of para and ortho
hydrogen.

.On this basis the total scattermg Cross- sectlon of protons for neutrons is:

AT F
: ;‘ . M ) 4Z+ 4E+'2'E

where M is the mass.of t the protons and E the energy of the incident neutron. For thermal
neutrons E, can be neglected in companson with Z and Z Furthermore, if the proton is
bound the reduced ass increases the effec* ve ¢ ecti n“by a factor of 4 Henc ~_,the

total scattering Cross- sectxon becemes: = i

st

o=, =16 T b2 [ 1+ 11
oM L T 4 )
Ctatamns o

For the coherent sc«.ttermg involved in neutron glmgractmn the effective . cross- -section
o~ ¢ however is very ‘much less. This is a ¢ quence of the fa y 1S
of the protons in the hydride crystal are randomly oriented and the resultant coherent scat-
tering is the algebraic sum of that from the singlet. S and trlplet S proton-neutron ,comb-
ination. Therefore the coherent sca i ‘ :
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Lt (_Lf o %]2 |
' M 4 z 4 {L '
= 4.2 barns

It should be pointed out that this is the maximum value the coherent cross-section can havk.
Thermal motion of the crystal atoms, loss of coherency when there is an energy change in|
the interaction between neutron and protons and similar effects decrease the coherent cross-
section by a considerable factor.

It can be shown that the background scattering is the difference between the coherent
cross-section and the total scattering cross-section. I the proton behaves as though it is
rigidly bound in the lattice this difference is about 80 barns and gives isotropic scatter'ingd;
On the other hand, if the protons responsible for the incoherent background behave primariiy
as though they were free the cross-section would be only 20 barns and the scattering would
vary with angle.

The measurements of sodium -deuteride show that the ratio

N
Fan) = 0.285
-
' F (200,
consequently
£ = F00)  Fan) = 0.55 or 1.80
D/fy,
a F +
(200) * Fppp

From the measurement of NaD above the order of the signs in the fraction on the right is
ambigous. Therefore the cross section of deuterium must be either o= = 3.1 o= or
0.3 o, . Furthermore a comparison between the measured values ofq? (200) NaBaand

F () %%H show that the cross section for hydrogen must be either

O’H = 3.4 O“l’\ra or 0.39 0§a

By comparing the absolute diffracted intensity from NaH with the scattering from
Diamond cross sections can be assigned to these elements. This comparison shows that
the effective coherent cross section in the (111) direction should be 5.8 barns. On this basis
two possible sets of cross sections may be designated, namely

A B
fy, 071 2.2
g 260 91
£ .85

D 2.40

e




Diffraction measurement

‘but to a lesse

for NaH, to be about 24 barns. This is to be compared with the 84 barn cross-section ex-
‘pected from bound hydrogen, and 20 barns for free-
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ectively.

The diffuse background supérimposed on the ;d;gﬁractéd peaks was also measure k r the

hydride and deuteride. The 1 red intensity of the background is related to the dif se

For a crystal of firmly bound atoms the value of S should be independent of angle 6
This had been found to be true for such materials as €20, NaCl, etc. However, for NaH
the value of § 15 & pronounced Funch fhe § value for NaD also varies yith angle

Intergrating the scattering over a sphere the fotal scattering cross-section is found,

ARG

ee-protons.” The contr ibution due to

sodium is at mq

g

' Both the amount of the Scatfering, and the variation with angle can be explained, by the
assumption that the diffuse scattering ¢omeg primarily from hydrogen, and that this hydro- "

gen behaves as though it were very loosely bound in the lattice.

The diffuse scattering for the NaD molecule is much sma ing only about 6 barns.
Furthermore, as has already been pointed out, its variation with angleis'less.” Thisis -
again in agreement with the assumption that the scattering is chiefly from a deuterium atom
which behaves as though it were loosely bound. The total scattering cross-section of deu-
terium is about 6 barns, and because of its greater mass, its scattering has a much smaller

angular dependence.

To summarize:

(1) The crystal stﬂictur,_e of NaH and NaD was unambigously established as being

 the NaCl type rather than ZnS.

| (2) The coherent scattering cross-section of hydrogen was found to be between 2.0
and 3.0 barns, giving a scattering wave 1800 out of phase with that ;fo’s(:qg;ip;n.» S

(3) The coherent scattering cross-section for deuterium was found to be betw
2 and 3 barns, and to be in phase with the scattering of sodium.

oAt el

" (4) The background intensjty and angular dependence indicated that the hydrogen
and deuterium atoms behaved as though they were almost free atoms.
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