AR
W Durham

University
Durham E-Theses

Measurement of helium accumulating in nuclear
reactions and the establishment of an absolute
neutron standard

Desmond Hall

How to cite:

Hall, Desmond (1958) Measurement of helium accumulating in nuclear reactions and the establishment
of an absolute neutron standard. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/8937/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/8937/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

" MEASUREMENT OF HELIUM ACCUMULATING
IN NUCLEAR REACTIONS AND THE ESTABLISHMENT
OF AN ABSOLUTR® WEUTRON STANDARD''.

~0=0~0-

THESIS

presented in candidature for the

degree of

DOCTOR OF PHILOSOPHY

of the

IVERSITY OF DURHAM

by

DESMOND HALL, B.Sc.(Dunelm), A.R.T.C.

_o_o_o;



The work described in this thesis was performed
in the Londonderry Laboratory for Radio-Chemistry,
University of Durham, during the period from August
1954 to January 1957, under the supervision of
G.R. Martin, B.Sc., A.R.C.S., F.R.I.C., Reader in
Radio-Chemistry.

This thesis contains the results of some original
research by the author, and no part of the material
offered has éreviously been submitted by the candidate
for a degree in this or any other university. VWhere
use has been made of the results and conclusions of
other authors in relevant studies care has been taken
to ensure that the source of information is always
clearly indicated, unless it is of such general nature

that indication is impracticable.

Qe



All ACKNOWLEDGEMENT.

The author wishes to avail himself of this
opportunity to extend sincere appreciation and
gratitude to,

¥r. G.R.Martin, Reader in Radiochemistry,
University of Durham for his expert advice and
guidance during the course of this research, and
for his unstintéd encouragement of the author
during the many years of their acquaintance.

Dr. S.J.Thomson for many useful and stimulating
discussions on all aspects of this research.

Dr. J.Wilkinson for advice on tritium measure-
ments and cheerful companionship.

Mr..R.Richmond, of the Reactor Physics Group,
Harwell, for the provision of the neutron irradiation
facilities and measurements of neutron flux.

Mr. H.Fettis for assistance in the construction
of apparatus.

The Council of the Durham Colleges for the
appointment of a Research Assistantship during the

tenure of which this research was performed.

-0=0=0—



SUMMARY

The technique of micro-analysis of helium devel-
oped by Paneth and collaborators is here applied to the
study of the interaction of neutrons and y-rays with
beryllium.

The study of neutron interaction with beryllium is
concerned with the measurement of the cross-section of

8 - 2He4 for neutrons arising

the reaction Beg(n,Zn)Be
from the fission of U%35., A value of this cross-section
is obtained by measurement of the helium produced on
irradiation of beryllium in a known flux of fission neut-
rons, the value being 109 ¥ 4 millivarns. This result
compares favourably with the predictions of the ' compound
nucleus' theory of nuclear reactions.

In these measurements a correction is necessary to
allow for helium produced in beryllium by the reaction
Beg(n,a)Hee(B_)Lie. An attempt was made to measure the
cross-section of this reaction by estimation of the Li6
produced using the technique of radio-activation analysis,
via the reaction Li6(n,a)H5. Apparatus was constructed
for the estimation of tritium so produced in beryllium,
but interpretation was rendered difficult by the fact

that the tritium production was greatly in excess of the

ammount which could reasonably be expected from the above



reactions, and the observation that the level of
tritium activity in the irradiated samples falls off
rapidly with time; An explanation of these observ-
ations is offered.

An important question in the technology of a
beryllium moderated nuclear reactor is fhat of the net
contribution of the (n,2n) and (n,0) reactions to the
neutron balance. It has been suggested that an exam-
ination of the helium distribution in a mass of beryllium
irradiated with fission neutrons would provide this
information. An exploratory experiment has been per-
formed, and is discussed.

The study of the interaction of y-rays with bery-
11ium is of interest in the establishment of an absolute
neutron standard, since the number of neutrons emitted
by a beryllium photoneutron source is directly related
to the number of helium atoms produced. The accumul-
ation in the beryllium of sufficient helium to permit
of accurate measurement requires the combination of a
long irradiation time, and a large mass of beryllium.
A technique was developed for the successful handling
of such large masses of beryllium. The author regrets
however that time did not permit the completion of

these measurements.
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CHAPTER 1.

INTRODUCTION.

I. 1. The intergction of neutrons with beryllium,

This discussion is conf'ined to the interactions
of those neutrons having energies lying within the U238
fission neutron spectrum, and in particular to neutrons
having energies of interest in the operation of a nuclear
reactor. The spectrum of neutron energies emitted in
fission extends at least up to 20 MeV, but the region
of interest for reactors lies primarily below 10 MeV (1).
The interaction of neutrons with nuclei in general,
results in the following types of reaction: (n,n); (n,n');
(n,2n); (n,v); (n,p); (n;p,n); (n,d); (n,B%); (n,He®);
(n,a); fission and spallation. Fission of light elements,
and spallation being reactions characteristic of very
high energy neutrons, lie outside the scope of this dis-
cussion. The Beg(n,He3) reaction if it takes place
would lead to the production of the isotope HeV.-
Ajzenberg and Lauritsen (8) list this isotope, and
suggest that the mass difference He7 - Li7 is about
14*5 MeV corresponding to a threshold of 29 MeV for the
Beg(n,Hes) reaction. No'evidence is found for the

-/
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reaction Li7(n,p) for -1°0<Q<~7°0, but using the
He7 mass value from the lower limit would give a
@-value for Be’(n,He®) of —-11°08 MeV. Thus the mini-
mum Beg(n,Hes) threshold energy would be 12°3 MeV.
Teble I gives a list of other neutron reactions of
beryllium with their associated Qm values and threshold
energies En’ and it can be seen that the reactions (n,p),
(n;p,n), (n,d), and (n,H®) are only possible at energies
greater than 10 MeV, and consequently are of little
interest in nuélear reactors. A measurement of the (n,H®)

cross—-sectlon at 14 MeV neutron energy will however be

discussed.
- TABLE T,

Reaction .  Q  (leV) E, (MeV)
(n,p) - 13°27 14°74
(n;p,n) - 16°87 18°740
(n,H3) = 10°42 1158
(n,2n) - 1°666 1+85
(n,a) - 0°585 065
(n,y) 6°797 -
(n,d) - 14°63 16°26

Table I has been constructed from currently
availlable mass data (2), except in the case of the
(n,a) reaction, where the mass has been computed from
the more recent values of the p-disintegration energy

of the Hee(B-)Li6 reaction (3). The mass of Li°
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involved in the determination of Q for the (n,p)
reaction has been obtained from the reaction Beg(d,zp)
112 (4). The value given for the (n,2n) reaction has
been computed from the reaction Beg(n,zn)Be8 rather
than the energetically more favourable Beg(n,zn)zHe‘,
since the bulk of evidence indicates that the reaction

8 nucleus.,

goes through the intermediate Be
Thus the reactions of interest for beryllium with
neutrons having energy below 10 MeV incident neutron

energy are as follows;

Be” + n—>Be? 4+ n (elastic scattering)
Be? + n -——9Be9*'+ n' (inelastic scattering)
Be? + n —sBelC 4 Y (radiative capture)

9 8

Be®* + n —»Be” + 2n (n,2n)
l (< 107'* sgecs)
2He*
Be” + n - He® + He* (n,a)
( 0°83 secs)
Li®
The total cross-section °T willlbe made up of the
sum of the partial cross—sectioq,of these reactions,
and measurements of On have been made over the range

of energies from thermal to 100 MeV (5).
Several attempts have been made to study the de-

excitation of the residual Be9 nucleus by y-emission

after an inelastic scattering event. Grace, Beghian,
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Preston, and Halban (6), using neutrons of 2°5 MeV
incident energy, were unable to detect y-radiation,

and concluded that the combined inelastic scattering
and radiative capture cross-section was less than 14
millibarns. Day has pointed out however, that neutrons
of this incident energy would be unable to reach the

first excited level of Be9

, and thus inelastic scatt-
ering is not possible. He has accordingly attempted
to observe the y-radiation using neutrons of suff-
icient energy to attain this level, but has been un-
able to find further evidence for this reaction to
which he assigns an upper limit of 0°3 millibarns at
the resonance energy (7). This result is not surpris-—
ing since in the region of levels where particle
emission is possible the relative probability of +-
emission is low, and in the case of beryllium there
are no known levels stable to particle emission (8).
y-rays from the radiative capture reaction have
been observed by Bartholomew and Kinsey (9), of energy
6*8 and 3.41 MeV upbn irradiation of beryllium with
neutrons. The first of these is the transition to the
ground state, and these correspond to the neutron
binding energy of Belo. A cross-section of 8°5 mill-
ibarns is reported by Ross and Storey (10). Thus it

appears that the inelastic scattering and radiative

capture reactions make only a small contribution to
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the total cross-section.

The (n,a) reaction was first observed by Bjerge
(11),who assigned to the reaction a cross-section of
approximately 1 barn. In a study of the fast neutron
resonances of beryllium Allen, Burcham, and Wilkinson
(12) measured the cross—section of this reaction as a
function of neutron energy ovef the range 1°85 to 4
MeV. The cross-section values observed were consider-
ably less than that of Bjerge, and show a broad reson-
ance corresponding closely in position with the reson-
ance in the total croés—section at 2°73 eV, with a
peak value of 50 millibarns. A more recent determin-
ation by Stelson and Cempbell (13) confirms the reson—
ance, but gives a peak cross-section of 100 millibarms.
The value of the threshold energy observed in both
series of measurements is in agreement with that com-
puted from mass data (Table I). Battat and Rive (14)
report a value of 10 millibarns for 14 MeV neutrons.

The (n,2n) reaction in beryllium was first ob-
served by Rusinov (15), who noted the increased ac-
tivity induced in a silver target irradiated with fast
neutrons when the source was surrounded with berylliium.
Rusinov estimated the cross-section to be 100 milli-
barns. Several workers have attempted to measure this
cross—-section using a variety of methods, and the re-

ults of these measurements are shown in Table II. The
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measurements quoted range in value from 40 milli-
barns to 4°1 barns. In all these cases the measurement
has been made by observing the apparent yield of the
neutron source with and without a surround of bperyll-
jum metal. 8Since the (n,2n) cross-section is expected
to0 be small, the measurements are open to the obvious
criticism that the result involves the difference of
two large quantities in which small observational
errors would introduce guite large errors into the
cross-section value. The large photon flux assoc-
iated with most natural neutron sources, a large pro-
portion of which exceed the photoneutron threshold

of beryllium, will make necessary and undesirably large
correction to the observed neutrons from the source
surrounded with beryllium. The use of natural sources
for this type of measurement is of doubtful utility
since the result represents an average value over a
considerable range of energies (0°5 to 12 MeV) for
which the spectrum is imperfectly known, and indeed
will vary among sources of the same kind since it is
dependent on the relative geometry of the source mat-

erials. The spread in the published results testi-
fies to the difficulty of this type of measurement.

Fowler, Hanna, and Owen report the first measurement
of this cross—-section at a specific energy obtaining

values ranging from 270 to 390 millivbarns for 3°7 MeV
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TABLE II.
Author Primary Method of o(n,2n) Reference
source measurement mbarns
Rusinov Rn-a~Be A 100 (15)
Ollano Rn-a~Be B 3000 (16)
Houtermans Rn-a-Be B 4100 (x7)
v Po-a~-Be c 3100 (17)
e Ra~-a~Be B 3100 (7)
Funfer Ra~-a~Be B 300 (18)
and Bothe p,_ o Be B 100 (18)
Teucher Ra—a~Be D 320 (19)
v Ra~a~Be E 470 (19)
Bernstein Ra-~a~Be F 100 (20)
vy Ra~a~Be F 40 (20)
Martin Po-a~B G 150 (21)
e Po-a~Be G 430 (21)
v Po-a~Be G 210 (21)
Agnew Po-a~Be H* 240 ¥ 70 (22)
' Ra-a~Be o* 200 ¥ 40 (22)
t Mock fission®® u* 160 ¥ 130 (22)
A- silver activity E~ thorium fission chamber
B~ foils in diffusing media F- indium foil in paraffin
C- gold foil G- sphere multiplication
D— uranium fission chamber  H- 't e '

%% NabBFs + NagBeFs (mole rat
Po. The mixture gives neu
ribution resembling that o

jo 96:4) impregnated with
trons with an energy dist-
£ @ fission source (23).

» The difference between the (n,2n) cross-section and

the adsorption cross-section is the quantity measur

ed.



neutrons (24).
T.2. The use of beryllium in nuclear reactors.

Beryllium is being considered as a moderating mat-
erial in nuclear reactors, either in the elemental state
or as beryllium oxide (beryllia): As a reactor material
it combines good mechanical and thermal stability with a
relatively inert chemical nature, although in the case
of beryllia an inert atmosphere or vacuum may be necess-
ary owing to its volatility in the presence of water
vapour (25). Its use as a moderating material makes
possible the achievement of higher working temperatures
which do not appear to be possible with commoner moder-
ators (26). The 'slowing-down power’ (27) is comparable
with that of light and heavy water, and superior to that
of graphite. The material is also much less likely to
suffer from Wigner effects.

Calculations on the behaviour of a beryllium moder-
ated reactor have been presented by Hurwitz and Ehrlich
(28), who find some disagreement between theory and exp~
eriment. These errors are considered to arise from in-
adequate scattering cross-—section data, the effect of
self-shielding, and the neglect in their calculations
of the (n,a) and (n,2n) reactions in beryllium. They
nave estimated the effect of the (n,a) ebsorption of
neutrons in reduciné reactivity to be of the prder of

3%, but have been unable to estimate the increase in
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activity due to enhancement of the:heutron flux by the
(n,2n) reaction owing to lack of cross-section data.

From the list of neutron reactions of beryllium
below 10 MeV neutron energy it can be seen that elastic
and inelastic scattering do not involve loss of neutrons,
the radiative capture and (n,c) reactions involve loss
of neutrons, whilst the (n,2n) reaction represents a
net gain of neutrons. In the earlier discussion it was
pointed out that the radiative capture eross-section is
small, and hence can be neglected to a first approxim-
ation. The threshold energies of the (n,aj and (n,2n)
reactions are 0°65 and 1:85 MeV respectively, and it is
clear that 1if the neutrons have initial energies greater
than 0°65 MeV there may be a net géin or loss of neutrons
depending upon the relative magnitudes of the (nya) and
(n,2n) cross-sections. The number of neutrons reaching
thermal energies (Nth) can be expressed by

Nyy N, (1 + §)

where No is the number of source neutrons, and § is the

enhancement factor whose value will depend upon the relat-

ive magnitudes of the (n,a) and (n,2n) cross-sections.
Since loss by radiative capture is to be ignored,

the number of source neutrons of energy less than 0°65

MeV reaching thermal energies will be equal to the number

of source neutrons, and S will be zero. In the region
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0°65 to 1°85 MeV, the region between the (n,a) and (n,2n)
thresholds, there will be a net absorption of neutrons
due to the (n,a) reaction, and Nyp Will be less than Ng»
in which case 5 is negative. For source neutrons with
energy greater than 1+85 MeV the (n,2n) reaction will in-
crease their number, and hence will tend to make positive
the value of S . The value of the resultant O for a
fission neutron spectrum will depend upon the relative
values of the (n,a) and (n,2n) cross-sections.

Sanders and Littler (29), using various assumed av—
erage values of the (n,2n) cross-section, and the (n,a)
cross—-section data of Allen, Burcham, and Wilkinson, have
calculated ) taking into account the effect of multiple
collisions in altering the neutron energy. Thelr results
are given in Table III. Sanders and Littler boint out
that because of the approximation involved in using aver-
aged cross~sections their results can only be considered
as rough illustrations of the effect to be expected. It
is clear however that the enhancement might be of consid-
erable importance if the average (n,2n) cross-section
lies outside the range 0°05 to O°1 barns. In view of the
high cost of beryllium cohsiderable economies might be
expected in the desigh and construction of a beryllium
moderated reactor if the value of & is positive. A recent
Russian publication (30), on the operation of an experi-

mental beryllium moderated reactor gives the result that
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the calculated critical mass of U235 is greater than that
required in practical operation, indicating that ) is
indeed positive.

TABLE ITI.
o (n,2n) '
barns 0 0°05 0°10 0°02 0°30
5 ~0*07 ~0*02 0 +0°07 +0°*11

Thus it appears that an accurate measurement of the
(n,2n) cross-section using a fission neutron source would
be desirable, and the present investigation was undertaken
to provide this.

I.3. Measurement of Inelastic Cross~sections.

The methods available for the measurement of fast
neutron cross-sections have been reviewed by Barschall
(51). For inelastic collision cross—-sections,i.e., the
cross-section for all processes excluding elastic scatt-
ering, there are four ma;n methods. These methods can
be applied to the measurement of (n,2n) cross-sections,
and are, the sphére tramsmission method, the detection
of cascade y-rays associated with an inelastic neutron
event, the detection of the inelastic neutrons, and the
associated residual nucleus method.

The sphere transmission method measures the total
inelastic cross-section. When an isotropic neutron

source is surrounded with a spherical shell of
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absorbing material the measurement of the transmission
throughlthe shell using a threshold detector eliminates
the effect of elastic scattering and'gives the inelastic
collision cross—-section. When an energy insensitive
detector such as a 'long counter'  (32) is used the
effects of inelastic scattering can be eliminated also.
If the counter sensitivity is independent of energy and
only scattering processes take place in the shell the
transmission will bé unity. When an absorption reaction
occurs the transmission will be less than unity, but for
(n,2n) reactions the transmission will be greater than
unity. Thus if the absorption and radiative capture
cross—-sections are known the (n,2n) cross-section can
be obtained.

The method requires the use of isotropic sources
(33) and this limits its application to only a few types
of source. The natural sources have been used by Teucher,
Martin, and Agnew (See Table III), and although their
re§u1ts are of the same order of magnitude as obtained
in this work the agreement is probably fortuitous in
view of the different neutron spectra used. An almost
isotropic source of 14 MeV neutrons is obtained from the
H®(d,n)He* reaction, and this has been used by Taylor
(34) to measure the total inelastic collision cross-
section of beryllium at this energy. Beyéter and coll-

aborators (35) using neutrons from the H®(p,n)He®
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reaction have used the sphere transmission method
to measure the inelastic collision cross—-section of a
large number of nuclei, obtaining for beryllium at 4°07
MeV the value of 0462 ¥ 0°05 barns. An application of
the method to the determination of § has been suggested
by Sanders and Littler (29), and will be discussed later,

The detection of cascade Y—rays from excited nuclei
in coincidence with inelastic neutrons is & comparatively
recent method (36) employing scintillation ccunters with
NaI(T1l) crystals. The method is not applicable in the
case of beryllium inelastic scattering (n,2n process)
since no y-rays are emitted (7).

The direct observation of the inelastically scatt-
ered neutrons from Beg(n,2n) reaction has been used by
Fowler, Oweh, and Hanna (37) to estimate the cross—
section at 3*7 MeV using neutrons from the D(d,n) reaction.
The inelastically scattered neutrons were detected using
stilbene scintillators.

The most productive method is that of the 'associated
residual nucleus'. Where neutron absorption leads to a
radioactive residual nucleus the Measurement of the
radioactivity produced on irradiation in a known neutron
flux enables the cross-section to be obtained. Thus
Fowler and Slye (38) have measured the (n,2n) cross-
section for the reasction Cu®3(n,2n)cut?, by observing

the B* activity of Cuf?2 produced on irradiation with
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fast neutrons. Paul and Clarke (39) have measured the
(n,2n) cross-section of 34 elements having B active
products. A compilation of (n,2n) reactions by Segre
(40) shows the great number of nuclei to which this
method is applicable.
In the case of the Beg(n,2n) reaction the immed-

iate residual nucleus Be8

breaks down into two a-particles,
at least in the energy range of interest. The measure-
ment of the helium associated with the disintegration,
already used to prove that such breskdown occurs (41)

can be used to measure the (n,2n) cross-section. This
method is the one used in this work, and will be dis-
cussed in more detail in a later section, together

with the application of the associated residual nucleus

method to the Be’(n,a) and Be(n,H%) resctions.

I 4, The nucleus Be8,

Before discussing the application of the associated
residual nucleus method to the Beg(n,zn)Be8 reaction it
is necessary to consider the nucleus Bes. The reaction
may leave the Be8 nucleus in one of several excited
states, or its ground state, and it is essential to the
success of the method that all states capable of being
reached in the bombardment decay by a-emission before
analysis of the beryllium for helium.

Barly work on this nucleus is full of contradiction.
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Atkinson and Houtermans (42) from theoretical con-

8. Rayleigh

siderations postulated the instability of Be
(43) in considering that the helium content of bery-
1lium minerals was derived from this unstable nuclide
suggested that it must therefore have existed in geol-
ogical time subsequent to the formation of the minerals,
and on this basis Watson and Parker (44) sought and
reported lines due to Be8 in the arc spectrum of bery-
1lium hydride. In the same year (1931) Olssen (45)

8

failed to observe lines due to Be  in the same spect-

rum. Mass spectroscopic observations of Neir (46)

and Bleakney and collaborators (47) set an upper limit

8 5 9
to 10™ parts of Be®. Cockroft and

8

of one pért of Be
Lewis (48) looked for Be® recoils in the postulated
reaction

B9 + m — Be® 4+ Het
but were unable to observe them, and they suggested
that their results could be explained in terms of the
simultaneous production of two a-~particles. No positive

8 could be obtained. Dee and

evidence for a stable Be
Gilbert (49) proposed that Be® was formed as an inter-
mediate product in this reaction in a 2°8 MeV excited
state.

The first conclusive proof that Be8 disintegrated

into two a-particles was obtained by Glueckauf and Paneth,
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(41), who examined beryllium.after irradiation with y-
rays for the presence of helium. Positive evidence of
the formation of helium was found, the only possible

source being from the break-up of Be8

s and they concluded
that the decay time was less than 1 second. Kirchner and
Neuert (50) examining the reaction Bll(p,o.)Be8 found that
frequently 2 a-particles entered the detecting apparatus
simultaneously with a small angle.between the directions
of flight which is just what would be expected if the Be8
formed broke up into two a-particles, and from the angles
of flight estimated the instability of the nucleus as
lying between 100 and 200 keV corresponding to a lifetime

=16 gna 1071°

between 10 seconds (51).

Wheeler (1941) (52) reviewed the experimental evid-
ence avatlable at that time, and concluded that the
excited states disintegrated into two a-particles, but
thatuthe evidence with regard to the ground state was in-
conclusive, In the following years the evidence for the
instability of the ground state accumulated (53). The
currently accepted view (g) is that the ground state
is unstable by 96 keV, and that all levels up to about
19 MeV excitation are unstable to a-emission, and above
this other modes of decay are possible. An excitation
of Be8 of this order corresponds to an incident neutron

energy for Be9 greater than 20 MeV, and this is above

the range of energies of interest in this work. The
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accepted lifetime of the nucleus is less than 5 x 10 4
seco%ds (8).

I.5. Application of the associated residual nucleus method.

Be? + n —> B® 4+ on

l (less than 10~ '* seconds)
2He4
From this equation it can be seen that each neutron
initiating an (n,2n) process in beryllium results in the
production of two hglium atoms. Thus if the number of
helium atoms produced is determined, the number of (n,2n)

interactions, S, is known. The (n,2n) cross-section is

then given by

o(n,2n)

"
o

where 8 is the total neutron flux, N the number of atoms

Be
of beryllium in the sample, and t the time of irradiation.
The method is limited only by the magnitude of the
flux required to accumulate sufficient helium for measure-
ment.,. At the time when this work was performed no mono-
ergic sources of neutrons were available with sufficiently
high flux values to enable the excitation function of the
reaction to be determined. Fission neutrons having flux

values of the order of magnitude required were however

available in the nuclear reactor BEPO at Harwell. Samples
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of beryllium together with flux monitoring devices were
therefore irradiated inside a hollow uranium slug of the
reactor.,

The fission neutron spectrum currently accepted is
that quoted by Leachman (54), and is expressed in the
semi-empirical equation.

N(E) o¢ exp(-E/0°965). sinhW/2°29E. dE.
The normalising factor obtained by graphical integration
of this function is 0°455, the units being in MeV. The
expression used throughout this work is therefore

N(EB) = 0°455 exp(~-E/0°965). sinh ¥2°20E. dE.

where N(E) is the number of neutrons of energy between
E and E + dB. The cross-section obtained in thie work
is therefore an average value over a known spectrum.
The helium is measured essentially by the method devel-
oped by Paneth and collaborators (55).

Under the conditions of irradiation inside a ‘pile!
the beryllium samples will be exposed to a large y-ray
flux, and helium could be produced by the Beg(y,n) reac-
tion (41). Calculations of the helium production from
this source are given iater and indicate that this eff-
ect is negligible.

A more serious source of error is the helium acc-
umulating from the (n,a) reaction. As mentioned earl-

ier, two excitation functions are available for this
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reaction and by integration of these over a fission
spectrum the ammount of helium arising from this react-
ion can be calculated. The ammount represents some 10%
of the total helium,
Be® + =n — He® + He*
B~(0°83 secs).
Li®
It will be noted that one product of the (n,a)
reaction is the nucleus Li®. The cross-section for the
Li® (n.a)B® reaction for slow neutrons is approximately
1000 barns, and this high cross-section makes possible
a radioactivation analysis (56) of the beryllium for LiS,
by determination of the tritium produced. The tritium
production is too small to measure by gas volumetric
methods, but can be detected by virtue of its B~ activity.
The measurement of the Li® produced in the (n,a) reaction
makes possible a measurement of the reaction cross=section
averaged over a fission spectrum, and thus helium arising
from this source can be experimentally determined. In
connection with thisg determination it was neccessary to
measure the (n.t) cross-section of beryllium for 14 MeV
neutrons, and this measurement will be described later.
The experimental determination of helium and tritium
in beryllium will be discussed in a separate section.

I. 6. Measurement of the enhancement §.
deasurement of the enhancement 8,

Sanders and Littler (29), have suggested two methods
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whereby the enhancement of_a.fission neutron source
surrounded with beryllium could be measured experiment-
ally.

| The'first method is essentially that used by previous
workers (18, 22), namely the sphere multiplication method,
differing only in the use of a fission neutron spectrum
and a beryllium surround of dimensions greater than a
few scattering lengths. The scattering length of beryll-
ium is approximately 3°3 cms. » and they suggest using a
10 em. radius sphere. As a source of fission neutrons
a few grams of plutonium immersed in a thermal neutron
beam would be used, and a long counter or integrating
tank detector (57) would be used to measure the neutron
yileld. The authors suggest that the comparison of source
strength could brobably be done to i'2% accuracy. In
addition to the difficulties of this method discussed
earlier, the method suffers from the disadvantage that
the 2% error is in the quantity (1 +9) and not in § it-
self. Since S is expected to be small, a large uncertain-
ty in & will result, e.g., $50% if § = 0+04.

The second method uses a measurement of the helium
content of the irradiated beryllium to obtain 5 « The
(n.a) process yields one helium atom, and the (n,2n)
brocess yields two. Combined with a 'Monte-Carlo! cal-

culation (58) of the helium produced by the (n,a) Pro-

cess alone using the known excitation function of the
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reaction, the number of (n,2n) processes per fission
neutron can be determined, and S can be calculated. A
beryllium surrounded rlutonium sample was suggested as
in the experiment abave. The determination described in
another section of this work was a test experiment to
study the feasibility of the method, and was performed
using a smaller sphere than that suggested.

The advantage of this latter method is that even if
the results were only good to an accuracy of 20%, this
is 20% in the quantity s itself which for emaller values
of is much better than that Obtained from the source
comparison method discussed above,

Barrett (113) has recently described a methed for the
determination of the effective neutron multiplication
due to beryllium. In this method beryllium samples irr-
adiated in a reactor core are subsequently analysed for
Li®, He*, and H®., 4 sample of fuel situated near the
beryllium sample is then analysed for a particular fiss—
ion product concentration, and from this the ratio of the
number of n,2n processes to the number of fissions can
be obtained. These measurements, together with other
information obtained from multi-group calculations or
- foil activation measurements in a critical assembly,
can be used to determine the over-all reactivity change
brought about by the production and absorption of neut-

rons in beryllium,
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CHAPTER II.

RESULTS AND DISCUSSION,

II.l. Helium accumulating in irradiated beryllium,

The results of four separate irradiations of pleces
of beryllium in a hollow slug of the BEPO pile at Har-
well are given in Table IV. The cross-section for

helium production o given in the last column has been

He
calculated from the equation

where NHe is the number of atoms of helium produced, 2
is the fast neutron flux, NBeithe number of atoms of
beryllium irradiated, and t the time of irradiation in
seconds.

For irradiation III the measured flux values were
inconsistent with those deduced from the pile power
level, and it was later found that the counting system
used was at fault. The value computed from the pile
power level gives a value of Oxe consistent with the
other determinations but the result will be rejected in
the final analysis because of the uncertainty existing

in the flux measurements.
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- The results of %He obtained from irradiations I,
II, and IV show a standard deviation of approximately
+0°7%. It will be noted that there is an apparent
correlation between the mass of beryllium and the
effective cross-section deduced. This effect may Dbe
illusory, in that only three irradiations were involved,
but it may be a genuine effect resulting from one of the
following causes.

(a) 1larger pleces of beryllium received an effect-
ively greater flux on account of closer prox-
imity to the walls of the hollow slug.

(b) There is some surface loss of helium from the
smaller pieces, which will not be so serious
in the larger ones.

(c) Enhancement of the flux, arising from the (n,2n)
reaction, will be greater in the larger pieces.

In the case of (a) the inhomogeneity of the flux
distribution inside the hollow slug can be shown in the
following way;

Assume an infinitely long thin cylindrical shell of
radius r emitting n neutrons/cm?seconds, and & strip of
width de(= r.de) taken along the length of the shell
(see figure Ia). At a point distant 4 from this shell
the neutron flux passing through this point due to an
element dl of the strip will be



FIGURE 1.



(a)
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n.dc.dl

4r(d? +12)
Integrating from - to +ocowith respect to dl gives the

flux through the point due to the whole strip.

+00
+Q00
Ne de dl - n.dec . -9 _];
ar T+ = ama (0 Fe
=00
4 . dc
44

This is for an infinite strip, which is probably a good
enough approximation. Now consider the effect of all
such strips (figure Ib).

X2 =12 + £2 - 2f.r, cos 6
where X is the distance from the strip dc, and £ the
distance from the centre. The total flux at the point

will be given by
T T

Ix
o o w(r® + £2 - 2r.f.cosb)

1

™

5 N(r? + 2 - 2r.f.cos6)

By means of the substitution cos6 = 2c¢co0s26/2 - I

this can be reduced to an elliptic integral of the first

kind, the standard form of which is

K = F(k,8) =/ ag
5 V(I - ¥® sin®e)
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thus the integral becomes

T
ae
N(r?® + f2 + 2r.f - 4r.f.cos826/2)
o
/2
= I 2 d(e/2)
o -
(r + £)2

put 6/2 = w/2-@; cos6/2 —> sing, and d(6/2) —» - 4f
Then the flux F at £ is

/2
F(f) = __2 ag
(x+f) | g1 - 225 gin2p)
o (r + £)2
Thus k2 = 4r,. T _ 4f/r
(r + £)2 (T + £/2)2

The fractional increase in flux as we move out from the

central axis of the cylinder is given by

F(£) - F(o) _ F(£)
F(o) F(o)
and
/2
F(£) _ 2 dag
F(o) a(I + £/r) V(I - ar.t sin®g)
o (r + £)2

Figure 2 shows the fractional increase in flux as a
function of £/r. The integral solutions were obtained

from the tables of elliptic integrals (59).



PIGURE 2.

Flux distribution inside a hollow uranium glug,
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From figure 2 it can be seen that larger pieces of
beryllium are exposed to higher flux values, and the
order of magnitude of the effect is well able to account
for the observed mass correlation. However it must be
remembered that the flux monitors are of finite size
giving an average flux over the volume occupied, and
therefore will tend to minimise errors arising from this
source.

In the case of (b) Gluckauf and Paneth (41) nave
reported that all metals are perfectly helium tight. No
indication is given as to the source of this information,
but their conclusion appears to be based on earlier work
on the loss of helium from iron meteorites reported by
Paneth (60). Reasbeck (61) reports an attempt to study
the loss of helium from stone meteorites, in which a
specimen of meteorite was sealed in an evacuated vessel
for a suitable period of time, and then the flask was X~
amined for helium. The result was compared against an
empty identical flask, but little conclusive evidence
was gained. Although no experimental evidence is avail-
able on the diffusion of helium in beryliium the effect
has been assumed negligible throughout this work. The
following experiment is proposed to check the validity
of this assumption.

A cylindrical piéce of beryllium metal is first

irradiated in a fission flux of neutrons in order to
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accumulate helium. The diffusion could be observed in
two ways:

(1) The beryllium specimen is heated for a fixed
length of'time at a high temperature under
conditions of high vacuum.. The heating is
discontinued, and layers of beryllium are
removed at known radii and are analysed for
helium, PFrom the shape of the radial distrib-
ution of helium, the initial distribution being
assumed homogeneous or measured on a similar
specimen, the diffusion coefficient can be ob-
tained. Repetition of the experiment at several
different temperatures.will enable the activ-
ation energy of the diffusion to be obtained,
and from this the diffusion coefficient at room
temperﬁture.

(2) The experiment is similar except that the spec-
imen is removed from time to time and small
pieces cut from the cylinder, and analysed. From
the time dependence of the diffusion the diffus-~
ion coefficients at several temperatures can be
measured and hence the activation energy obtain-
ed as before.

Equations for the diffusion in each case are given by
Barrer (62). The diffusion study would also be of some

interest in reactor technology according to Cottrell (63).
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The increase in helium content due to (c) is cert-
ainly a possibility. However the scattering length of
fast neutrons in beryllium is of the order of S°3cms. ,
and this is much greater than the dimensions of the
beryllium specimens used in these experiments, and hence
the effect is likely to be extremely small.

The apparent mass correlation is not a serious
effect however, the error being less than the absolute
errors in flux values.

II. 2. Correction for helium groduced by Begfx,nZBesfg)He4.

Associated with the neutrons from the uranium fiss-
ion is a fairly intense y-radiation, and helium will be
produced in the beryllium as a result of the interaction
of these Y-rays. From a knowledge of the intensity and
spectrum of the y-rays from fission, together with the
Photo-disintegration excitation function of the Beg, a
correction for the helium arising from this source can be
obtained.

The photo-disintegration cross—section of Be9 as
a function of photon energy has been observed by several
workers from the threshold of 1°666 MeV to 24 MevV. A
theoretical function calculated by Guth and Mullin (64)
is in good agreement with the results of several workers
and provides a convenient sumary of the data over the
required range. The full range of the excitation funct-

ion 1s indeed covered by Nathans and Halpern (65), but
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because of the limitations of their method at low energy
they were unable to give the fine structure in this region,
which has been observed by several workers (64). Since
the intensity of the fission y-rays is highest in this
region, the low energy spectrum is of the most importance,
and iﬁ this region the calculations of Guth and Mullin
reproduce the spectrum very well.

Guth and Mullin use the valence neutron model of Be9
in which the final neutron in the nucleus is regarded as
moving in the force field of the Be8 nucleus. The low
binding energy of the final neutron in Be9 suggests that
this neutron spends the greatest part of its time on thé
fringe of the nuclear forces, and the model is therefore
not unreasonable. The photons produce photo-electric and
bPhoto-magnetic transitions in the system. At the comparat-
ively low energies involved only electric and magnetic
dipole transitions are effective, and of these the magnet-
ic dipole contribution can be neglected for our purpose.
Assuming a P ground state for Be9 the selection rules
permit P = S and P —— D transitions for electric
dipoles, the total cross-section being the sum of these

effects.

¢ = %% o_,g5 *+ Op__
Guth and Mullin give excitation functions for p S

and Op D’ and these have beecn added to give the total
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cross-section (figure 3).

Leachman (54) quotes the work of Gamble and Francis
who observed the spectrum of y-rays in coincidence with
U235 fission by means of a Nal scintillation detector.
The results, expressed as the nunber of photons/fission/
100 keV energy interval (figure 4), show a yield probab-
ility decreasing with energy. The number of photons/

fission (I) is then

8

I = k £(B).4E

o
The number of photons/fission with sufficient energy

to produce photo-disintegration of beryllium is
®

I (E'Y> 1666 MeV) = k £(E).dE

1+666
Since the number of neutrons/fission (V ) is known (64),
the photon flux can be related to the fission neutron
flux. Thus the number of photons/fission neutron is

(I1/v ), and hence the flux of photons with E > 1°666

MeV is
00
!n.k
i, = == .
" D f(E).dE
1°666

where in is the fission neutron flux. The average cross-

section for the photo-disintegration EY’ is



FIGURE 3,

Be9 photodisintegration excitation function.

Guth and Mullin (64).
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o(E).f(B).dE
_ 1°%666
Yy - @

! £(B).ae
1°666

Hence the number of interactions/second is given by
' @®

Ql

@ [c(E).f(E).dE
= T .k.N
¢ . 0.N n* "* "Be 1°666
Y " Be = > f(E).aE )
1°666 / £(E).4E
1°666
Q
g .k.N
= nv Be o(E).£(E).dE
1666

Since two helium atoms are produced for each interaction

the number produced after irradiation for time t is
(o]

28 kN, .t
E = nv Be o(E).F(8).4E

Ey

Using a typical set of experimental data the magnitude

of the photo-disintegration correction can be computed.

A suitable basis for comparison with the overall helium
production from the irradiation is the number of helium
-atoms/atom of beryllium/fission neutron/secons. This can

be obtained from the last equation
00

[ 6(E).f(E).dE

Eg

<R



FIGURE 4.

Intensity and spectrum of y-rays from U235 fission.

Leachman (54).
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Using VD = 2°5 this gives the number of helium atoms/atom
of beryllium/fission neutron/second, i.e. the cross-sect-—
ion for helium production from the (Y,n) reaction, as
1°8 millibarns . This must be deducted from the observed
helium cross-section.
II. 3. Correction for Helium Produced by Be (n,a)He® (8~)IdS.

In order to calculate the helium arising from this
source a knowledge of the (n,a) excitation function, to-
gether with the intensity and spectrum of the incident
neutrons, is required. Sanders and Littler (29) in their
enhancement calculations have assumed a step function
form of the excitation function based on the results of
Allen, Burcham, and Wilkinson (12). Thus from 0°6 to
185 MeV neutron energy the cross-section is assumed to
be 15 millibarns, and above 1°85 leV a cross-section of
50 millibarns is assumed.

The measurements of Allen, Burcham, and Wilkinson
cover a range from 1°83 to 4 MeV incident neutron energy
(figure 5), and were made using neutrons from the D(d,n)He®
reaction. A beryllium walled Geiger counter was irrad-
iated with these neutrons, and the He® B—activity produced
was observed. The cross-section was deduced from the ab-
solute flux of neutrons through the counter, and the eff-
lciency of the counter for He® detection. Since the full
energy range of the fission neutron spectrum is not cover-

ed by these measurements an extrapolation is necessary.
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The method of extrpolation is given below.

At the low energy end of the spectrum only elastic
scattering and the (n,a) reaction are possible, and in
this region the extrapolation is made by. assuming that
the relative rates of the two competing reactions are
governed by a simple barrier penetration relationship.
The relative probability of neutron and a~-particle

10

emission from the compound nucleus Be will be deter-

mined by the lifetime of this nucleus for the respective

processes. The cross-sections o y and o will be in
n,n ny,o
the inverse ratio of the lifetime T s and T y le€.,
n,n n,a
on,a _ Tn,n
S =
n,n Tn,a

Assuming that the total cross-section of Be® at 1°83

HeV (the_first energy used to measure the cross-section.
by Allen et al.) is made up of capture scattering and
(ny0) reactions, and that the g~emission lifetime of Be10
are not substantially different from those of Be8, the
cross—section ratio can be obtained at this energy from
the measured values, and Tn,a from the data given by'Bethe
(67). Thus Tn,n can be found at this energy, and can safe-
1y be considered constant over the small range of extra-
polation since there is no potential barrier opposing

the process. For other energy values 0, , can be found

-4

from the total cross-section, and Tn a values for various
H



FIGURE 5,

Begfn,a)He6 Excitation Function,

(a) Stelson and Campbell (13).

(b) Allen, Burcham and Wilkinson (12).

(c¢) suttar, Morgan and Hudspeth (69).
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excitation energies from Bethe (67)s The results are
given in Table V.

Table V ~ Extrapolated values of o

NyW.
Neutron Energy O, o

L
MeV Millibarns
0*6 5°6 x 1072
0*8 . 21
10 30
15 15
1-83 29*

* Experimental value (12).
Above 4 MeV the cross—-section is assumed constant at

45 millibarns, following Sanders and Littler (29). The
extrapolation in this region is not very serious since
the neutron intensity falls off rapidly above 4 MeV. The
extrapolation is shown in figure 5,

In order to obtain the average value of the cross-~
section an,a for & fission spectrum, the excitation
function o(E) must be integrated over the fission spect-

rum £(E). The average cross-section is given by
oQ

/o(E).f(E).dE
an,a. = ° '

Q0

/f(E).dE

(o]

f(E) is plotted in figure 6, and o(E).f(E) in figure 7.
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By graphical integration of figure 7 the average cross-—

section is obtained as

on,a = 23 millibarns,
Results obtained by Stelson and Campbell (13) for
the (n,a) excitation function using neutrons from the

7 reactions are also shown in

T(p,n)He® and Li7(p,n)Be
figure 5. The measurements are taken from the reaction
threshold up to 4°*4 WeV incident neutron energy. The
(nya) cross-section at 14 MeV is reported to be 10 milli-
‘barns (68), and the results of Stelson and Campbell have
been extrapolated to this energy by drawing a smooth
curve between the two sets of results. The neutron in-
tensity is falling off so rapidly in this region that the
assumption makes little difference to the average value
of the cross-section. The average cross-section over a
fission spectrum has been obtaned as before by graphical

integration. The result is

on,a

33 millibarns.

The value of an,a obtained from the two sets of
measurements are in reasonable agreement considering the
difficulty iavolved in such measurements. The result of
Stelson and Campbell is probably the better of the two,
since better neutron sources were used and the neutron

flux measurements are likely to be better. A clean neu-

tron spectrum is difficult to obtain with the D + D



FIGURE 6.

Spectrum of neutrons from U235 fission.

Leachman (54).
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reaction. The major contributing factor in distorting
the spectrum is the build up of carbon deposit on the
heavy ice target when the deuteron beam is on. The foll-

owing reaction can occur in the target

c'?2 4+ B2 —o ©N'¥ 4+ n

The neutrons from the C‘z(d,n) reaction have an energy
of about 500 keV, and thus would be recorded in the absol-
ute flux measurements but would not initiate an (n,a)
process. The results would be correspondingly low. The
T(p.n) source used by Stelson and Campbell is to be pre-
ferred since it is a good continuously variable mono-
energetic source; The Li7(p.n)B67 is also a good source
but the two neutron groups present are a disadvantage.
Both of the latter sources are capable of high neutron
intensitiesn

Also shown in figure 5 are three values of the (n,c)
cross-section obtained by workers at the University of
Texas (69), but no details are yet availabvle as to the
method of measurement. It is of interest to note however
that the curve obtained by combining these results with
the rising part of the Stelson and Campbell function can
be fitted to a Breit-Wigner resonance curve, whereas the
complete function of Stelson and Campbell cannot be fitted
to such a curve.

In view of the discrepancy existing in these meas-—

urements it was considered that a direct measurement of



FIGURE 7.

ogn,q.) for fission spectrum neutrons.
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the cross-section integrated over the spectrum of fiss-
ion neutrons would be desirable. Such a determination,
involving the determination of the Li® produced in the
reaction, will be described later.

II. 4. Correction for helium arising from impurities,

In addition to the foregoing corrections it is
necessary in these determinations to include two fur-
ther possible sources of helium:

(a) The presence of occluded air in the metal.

(v) (nya) reactions in impurities in the metal.
Since in all determinations it was the practice to per-
form blank determinations, and no helium was ever found,
" it is unnecessary to make a correction for helium from
source (a). It is more difficult to make a correction
for (b).

In order that (n,a) reactions in impurities should
give rise to significant quantities of helium a high
cross—-section value is necessary, and this consideration
will exclude fast neutron reactions. Irradiation with
thermal neutrons followed by analysis for helium would
appear therefore to be sufficient td evaluate the cont-
ribution from impurities. Such an irradiation was per-

formed with the following results

Irradiation time = 604*5 hours.
Slow neutron flux = 2+78 x 1010 n/cm?/sec.
7

Helium/gm beryllium 3°45 x 10" ' ces. at S.T.P.



It is expected that this result will be in error by a
factor dependent on the fast neutron contamination in

the thermal column.

In order to apply such a correction to the helium
found in the hollow slug irradiastions it is necessary
to know the slow neutron flux in these irradiations.
Unfortunately the slow flux was not monitored during
the hollow slug irradiations, and subsequently measure-
ments ylelded slow to fast neutron ratios varying be-
tween 1 and 2¢5. When the higher of these values is
used to compute the slow neutron flux in the hollow
slug irradiations, the correction for helium accumulat—
ing from the thermal neutrons is approximately 2%. This
value represents the upper limit of contamination from

this source.

TABLE VI,

Determination Average Determination Average
analysis analysis
Total Be 99°1% si 600 ppm
Fe 1350 ppm B 0*5 ppm

Al 300 ppm BeO 0*80%

Mg 80 ppm BeaC 0°14%
Cr 100 ppm Ag 3 ppm
Ni 200 ppm Co 3 ppm
Cu 100 ppm ca 0*2 ppm

Mn 150 ppm Pb 30 ppm
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Table VI (70) gives an average analyéis of comm-
ercial beryllium. Of the impurities listed dnly boron
would give rise to appreciable helium on slow neutron

irradiation by the reaction

B &+ n — 17 o+ gl
The value given together with the isotopic abundance
of B10 and the slow to fast neutron ratio can be used

to evaluate the helium arising from this source. The
reaction

L16 + n — H5 + He

4

should also be considered since it has a very high
cross—~section for thermal neutrons, and trace quantit-
ies of this isotope in beryllium would give rise to sig-
nificant quantities of helium. A measurement of this
isotope was mede, and is described later, by estimation
of the tritium yield on slow neutron irradiation. Allowa
ance for these two sources of helium gives a correction
factor of about 0°5% to the total helium observed in the
hollow slug irradiations. In view of the uncertainty
introduced by the fast neutron contribution to the ther-
mal column irradiations, this estimate is probably the
more reliable, although it may be an overestimate due to
use of the highest observed value of the slow .to fast
neutron ratio.

Since there is some uncertainty in evaluating a

correction for helium arising from impurities, the corr-
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ection will be ignored in the final result. This is
clearly not & serious correction, and is probably a
good deal less than the uncertainty existing in the
absolute flux values.
II. 5. The Be®(n,2n)BeB(a)He? oroms-section,

The helium production cross—-section averaged over
a fission neutron spectrum, aHe’ is the sum of the con-
tributions from the (n,2n) and (n,a) reactions. Each
(n,2n) brocess yields two helium atoms, and therefore
the average helium broduction cross-section after corr-
ection for (y,n) produced helium is given by

] 2°n,2n + %, a

He =
Accepting the value of En'a_obtained by integratiom of
the excitation function of Stelson and Campbell as the
contribution from this reaction, and the value deduced
for EY’n, the correction for these céntributions is
(33 + 1°8) = 34-8 millibarns. From table IV the helium
production cross-section is 253 I 4 millibarns. There-
fore

Op,en = 209 % 4 milliverns
This value is, of course, averaged over the whole of
the fission neutron spectrum, whereas the reaction is
impossible below the threshold energy of 1°85 MeV. From
a graphical integration of the fission neutron spectrum

(figure 6) the fraction of fission neutrons with energy
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above 1°85 MeV is 0°435, and hence the average cross-
section for that part of the fission neutron spectrum
where the reaction is energetically possibie is
(120°6/0°435)

Gp,on(E 1785 MeV) = 2605 = 4 millibarns
Interpolating from the results of Sanders and Litt-
ler (Table III) this corresponds to an enhancement for
a beryllium moderated reactor of + 0°09,

II. 6. Beg(n,zn)Be8 excitation function.

Suitable sources of monoenergetic neutrons were
not available during the course of this work to enable
measurements of the excitation function to be made. It
is therefore of some interest to compare the results with .
theoretical predictions. .

Attempts to calculate the excitation function for
the (n,2n) reaction have been made by Schlogl (71), and
by Mamasakhlisov (72). Both authors employ the valence

neutron model of Be9

s Which has been applied with some
measure of success by Guth and Mullin (64) to the photo=-
disintegration excitation function of this nucleus. The
model has also been used by Caldirola (73) to predict

the electro-disintegration function. In this model the
final neutron is regarded as moving in the force field
of the Be8 nucleus, the field being described by a spher-

ical potential well of radius equal to the radius of the
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Be9 nucleus., Using this model Schlogl has calculated fhe
(y,n), (n,n), and (n,2n) excitation functions, the first
two being in reasonable agreement with experiment, but
the (n,2n) cross-section is too low. The calculations
are given for various assumed nuclear radii, showing a
strong dependence on this. Even for the smallest radius
assumed the peak cross-section is only 10 millibarns.
The predicted shape (figure 8) is however that which
would be expected for an endoergic reaction with sub-

sequent neutron emission (74).

Mamasakhlisov gives his results in the following

- . 24 "'12 2
Opon = 0°08 x 10 Lﬁ——)—Y e

where v = E/e, B being the incident neutron energy, and

e the binding energy of the final neutron in the Be9 nuc-

form

leus. The shape of this function near the threshold has
more the form to be expected for an endoergic reaction
with charged particle emission (74), than for neutron
emission. For high incident neutron energies the function
increases as Yfé and becomes infinite for very high energ-
ies, whereas for high incident neutron energies the cross-
section would be expected to approach the geometrical
cross-section mR®, where R is the nuclear radius. At 14
MeV the predicted cross-section of 1°5 barns is equal to

the total cross-section, and the total inelastic cross—



FIGURE 8,

_B_gg(n.zn) excitation function.

Schlogl (71).
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section at this energy is about 350 millibarns. lamas—
akhlisov claims good agreement with the results of Funfer
and Bothe (18), namely 0°3 barns averaged over the Ra-a—Be
spectrum. For this average he has taken the mean energy
of the spectrum to be 6 ileV. When his spectrum is aver-
aged over the spectrum quoted by Dacy, Paine, and Goodman
(75) the result is 0°2 barns which is in reasonable agree-
ment with some of the values quoted in Table II. Over a
fission neutron spectrum the value of the average cCross-—
section is 35 millibarns. The agreement obtained with
the natural sources is probably due to the higher mean
eénergy, and in this region the function of Mamasakhlisov
is rising steeply.

The model cannot be regarded as useful in the case
of the (n,2n) reaction. The authors have assumed that
a single potential well is sufficient to specify the
system, whereas Guth and Mullin require different pot-
ential wells to treat different transitions. In add-
ition the photo~disintegration is a very much weaker
interaction, as evidenced by its smaller cross—-section,
and hence will involve weak perturbations of the nucleus.

There are two possible mechanisms for the (n,2n)
reaction in beryllium. In the first the incident neut-
ron is inelastically scattered leaving the Be9 nucleus
in an excited state which subsequently decays by emnisse

ion of a neutron, i.e., Beg(n,n')Beg*(n'QBe8



FIGURE 9.

Total neutron cross—section of beryllium (5),
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Evidence for this mechanism is given by Fowler, Owen,
and Hanna (37) who have observed two neutron groups

9 Wwith 3°7 MeV

emerging from the interaction of Be
neutrons. The second is a 'knock-on' process in which
the incident neutron shares its energy with a bound
neutron which is emitted, the hucleus being left with
sufficient excitation to 'boil-off' a further neutron.
Fowler, Owen, and Hanna suggest that the excited
state of Be9 involved in this process is the 2°43 MeV
leQel, this being the only accepted level in this energy
range. Reference to the total cross-section curve of
berylliun (figure 9) shows a broad resonance at an
incident neutron energy of 275 eV, this energy, when
allowance is made for momentum transfer in the reaction,
corresponds to about 2°4 MeV excitation. At this excit-
ation the Be9 nucleus is unstable to neutron emission by
0*76 eV, and thus a broad resonance for neutron emission
Wouid be expected, making the proposed mechanism high-
ly probable. However the results of several experiment-
,ers suggest that the width of this level for neutron
emission is extremely narrow. Thus in a study of the

ll(d

reaction B ,Q)Beg* Van Patter and collaborators (76)

conclude that the neutron width of the 2°43 MeV state of

Be9

is 5 keV, and neutron emission is improbable.
Dissanaike and Newton (77) found that whilst this level
decayed by neutron emission the level width was small,

and they attribute this to the possibility of a large
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spin change in the decay. Other workers report a narrow
width, the most recent report being that of Gossett et
al., (78) who conclude that the state has no observable
natural width, and assign an upper limit of 1 keV for the
natural width of the state. The conclusion is that a high
spin change occurs in neutron emission from this excited
level, and thus such transitions are strongly inhibited.
This also receives some support from the absence of a
résonance in the photo-disintegration excitation function
at this energy (64). Thus the mechanism proposed by Fow-
ler et al., whilst still possible, becomes less probable,

The second method corre3pondé to the 'evaporation
model' of the compound nucleus (79). On this model the

(n,2n) cross-section is given by

o(n,2n) = oc[é - (1 + %) exp(-%i’

where o, is the cross-section for the formation of the
compound nucleus, 6 the 'nuclear temperature', and e is
the difference between the incident neutron energy and
the threshold energy. This formula is only strictly
applicable to nuclei of medium and high mass number where
the concept of the nuclear temperature can be applied
owing to the density of energy levels in such nuclei.

In view of the developement of methods for studying the
energy distribution of emitted particles in reactions,

data which enables the nuclear temperatures to be com-



FIGURE 10.

Beg(n.zn) excitation function (I).
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puted (79), and the application of such methods by Gugelot
(80) to the measurement of nuclear temperatures, it be-
comes of some interest to examine the predictions of this
model.

Paul and Clarke (37) have used the above formula
to examine the results of'their measurements of 34 (n,2n)
reactions, the experimental results showing good agreement
with theory in most cases. Cohen (81) has also applied
the theory to a number of elements, including a number
of the lighter ones., Qugelot has assigned nuclear temp-
eratures to the nucleus Bg, and since the parameters in
the formula for the 'nuclear temperature' are slowly
varying functions of the mass number it seems reasonable
to use these values for the nucleus Be9,

It is necesséry to know the cross—-section for com~
pound nucleus formation Oge Paul and Clarke (39) have
used values of oc quoted by Phillips (82), and Cohen has
argued that since the neutron faces no Coulomb barrier
the cross-section for compound nucleus formation is simply
the geometrical cross-section R2* Figure 10 shows the
excitation function computed for Be9 using the geomet-
rical cross-~section, and the nuclear temperatures of

Gugelot. The nuclear temperatures are
6 = 2°3 203 MeV for e > 4 NeV

6 = 00201 MeV for1<e<a MeV

and in the function presented the break which would
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occur at 4 MeV by strict adherence to these temperatures
has been smoothed out. The radius used is that given by
Cook and Bonner, 3°51 x 10-13cms., and corresponds to a
geometrical cross-section of 386°*5 millibarns (85). The
cross-section integrated over a fission spectrum is

o) = 6475 millibarns

n,2n
the result being’lower than the experimental value. This
low result probably arises from the use of the geomet—
rical cross-section, which cannot be expected to apply
at such low energies. cc can however be computed from
the compound nucleus theory,

The treatment used is that of the continuum theory
given by Blatt and wWeisskopf (79), and is here restricted
to S wave neutrons (1 = 0). For this condition the

capture cross-section is given by

4XK .
8] = 2 __=an ! =
c,o ™ & + ) (neutrons, 1=0)

where k is the wave number of the incident particle
outside the nucleus, X the wave number after penetration
of the nuclear surface, and X = A/2w, N being the neutron

wavelength. It is shown (79) that K is given by
K = J(K20+k2)

where K, =1 x 10'°cm™', for incident nucleons. Values
of oc/'rrR2 as a function of x=kR for various X, = KR,
are given by Blatt and Weisskopf (79), and from these

the curve c, against incident neutron energy E (figure 11)



FIGURE 11,

Beg(n,2n) excitation function (II).
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has benn obtained. Using these values and the nuclear
temperatures of Gugelot the excitation function of figure
11 has been computed. The integration of ﬁhis excitation
function over the spectrum of fission neutrons gives an
average crogs-section of

Op,en = 117 millibarns

This 1s in better agreement with the experimental value

of 109 ¥ 4 millibarns.

Table VII: Total inelastic collision cross—-section,
M_

Neutfﬁgv?nergy % nel. (barns) Reference
4°0 0°62 I 0°05 (35)
7.0 0°60 I 0°04 (84)
12+7 0°49 ¥ 0+08 (34)
14°1 0*37 X 008 (34)
14°1 0°65"* (85)
14°5 o*64 £ 0+02 (86)
14°0 0°42 ¥ o007 (87)

# A reported preliminary value - (Gt/oi) -1 =225
Values of o, obtained from 'Neutron Cross-section
Data', Brookhaven National Laboratory, B.N.L. 325,
U.S.A+E.C. Document.

Table VII gives a number of determinations of the
total inelastic cross-section measured by the sphere

transmission technique. The points at 4 and 7 MeV are
in good agreement with the derived curve ( figure 11 )

when allowance is amde for the contribution of the (n,a)
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reaction. At higher energies the spread in the experi-
mental results is much broader but the results are of the
same order as the derived curve. Reference to the work
of Taylor, Lonsjo, and Bonner (34) indicates that for
many nuclei'studied, the total inelastic excitation funct-
ions flatten out at higher excitation energies, and hence
the shape of the computed (n,2n) excitation function for
beryllium appears to be justified. Fowler, Owen, and
Hanna (88) give the cross-section at 3°7 MeV as 400 ¥ 100
millibarns. Huber and Wagner (89) have measured the diff—
erential cross-section at this energy at.90° to the incid-
ent neutron beam obtaining odiff(90°) =39 ¥ 8 mb/stearadian.
If spherical symmetry of emission is assumed, and the re-
sults of Fowler (90) would seem to indicate that this
is approximately so, then the cross—section is calculated
as 490 ¥ 100 millibarns. All these determinations are
shown in figure 11 with their associated errors.

The agreement between the experimental and calculated
values of the integrated cross-section is remarkable in
the case of a light element such as beryylium. The
treatment has been restricted to the interaction of S~
wave neutrons (1 = 0), but it is certain that at the high
energies involved some P-wave interaction must occur.,

This latter would have the effect of increasing the value
of the calculated cross—section. It would seem probable

that the neglect of this contribution is compensated



by ignoring the dontribution of 'capture elastic scatt-

ering' to the capture cross-section.
Table VIII: Calculated values of o

n,2n*-

BBSHGH' roljSralie “emerey . UoRopse _ofoER

engrgy P E, - E_ s8egtion sgction

n t (o] n.2n

2*0 0+9 0°16 869 13°4

2°5 0+9 0¢65 832 135°4
3*0 0+9 115 799 293
35 0°9 1+65 775 3564
4°0 . 0°9 2°15 760 524
4+5 0°9 2¢65 745 587
5°0 0°9 3*15 730 631
6°0 23 4°15 707 380
7°0 23 515 684 448
8+0 2°3 6°15 668 498
9¢0 23 7+15 657 537
100 2°3 ' 8+15 645 560
110 2+3 . 9°15 634 675
12°0 2*3 10°15 622 581
130 2°3 11°15 611 583
14+0 2°3 12°15 - 603 584

m
II. 7. Measurement of the enhancement 8 .

This experiment was performed at the request of
the Reactor Physics Group at Harwell, who were to be
responsible for the calculation of the enhancement O
from the experimental results. At the time of writing
the calculations were not available, but the experimental
arrangement and results are given.

The experimental arrangement is that suggested by
Sanders and Littler (29) and is illustrated in figure 12.
An 11 cm. beryllium sphere having an 0°5 cm diameter hole
drilled along a radius, the hole extending 1°5 cms. be~
yond the centre of the sphere, was packed with cylind-
rical slugs of length 1 cm. and diameter 0°5 cms. The



FIGURE 12,

Beryllium sphere experiment.
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first slug was of aluminium for use as a neutron monitor.
The second was of fissile material situated such that its
centre coincided with the centre of the beryllium sphere,
and this was followed by four beryllium slugs. Thin
cobalt foils were placed between the slugs to monitor

the slow neutron flux. The whole sphere was then immersed
in a slow neutron flux provided by one of the experiment-
al holes in the thermal columm of BEPO, these neutrons
being converted to a fission flux by interaction with

the fissile material.

After a suitable irradiation period the beryllium
slugs were removed and analysed for helium. A further
irradiation was performed without the fissile material
at the centre in order to check the system for the
effects of 'background!. The results of these measure-
ments are given in Table IX.

As can be seen from the table of results the slow
neutron effect is quite large and since there is no
interaction which can give rise to helium directly from
beryllium with neutrons of this energy the following
effects are suggested:

(a) Contamination of the slow neutron flux by

fast neutrons.
(b) The presence of boron and lithium impurity in

the beryllium metal would give rise to helium
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on slow neutron irradiation.

Since in order to obtain the high thermal neutron
exposures required to accumulate sufficient helium for
measurement, the sphere was placed as near the reactor
system as possible, some exposure to fast neutrons was
unavoidable. Using the value given in Table IV (page 25)
for the helium production cross-section averaged over a
fission speétrum, the fission neutron flux required to
accunulate the quantity of helium observed for the slow
neutron irradiation can be calculated. This flux 1is 4°5
x 108 neutrons/cm?® seconds, and corresponds to 1+8% of
the slow neutron flux. This value has little meaning
however since the fission neutron spectrum would be con-
siderably degraded by the time these neutrons reach the
thermal colummn, and it is only useful in illustrating
the order of magnitude of fast neutron contamination re-
quired.

The contamination due to impurities can be estimated.
Thus the value for boron (5 ppm) given in Table VI (page 39),
together with the thermal neutron cross-section of natur-
al boron (754 barns) and the flux values used in this
determination indicate that the helium accumulating from

this source is about 1°16 x 10~

ccs./gram of beryllium.
This represents some 60% of the observed helium. Using the

value observed for the earlier slow neutron irradiation
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( page 38) the contamination from this source is est-
imated at 085 x 10~ 'ccs./gram of beryllium, and repre-
sents about 45% of the observed helium. These figures
indicate an appreciable fast neutron effect.

It will be observéd that only the outermost posit-
ions of the slugs were checked for the slow neutron
effect ( Table IX ), since it was not expected that
this would be appreciable. The value obtained for the
slow neutron effect has therefore been deducted from
the values observed with the converter present, and
these 'corrected ' values are given in Colum 6, Table
IX. 1In view of the fast neutron contribution in the
thermal irradiation this practice is questionable,
since some decrease in the fast contribution would be
expected on penetration of the sphere. However it is
not possible to estimate the extent of this decrease.

The aluminium monitor indicated a fission flux
of 3°28 x 10° neutrons/cm®/second, and this should be
approximately the same for beryllium sample 1. Using
the value of the helium production cross-section ob-~
tained from the hollow slug irradiations ( Table IV )
the helium accumulating in beryllium sample 1 can be

calculated, the value obtained being 12°9 x 10"

ces./
gram of beryllium. This is to be compared with the
'corrected' observed value of 11°9 x 10'7ccs./gram

of beryllium. The agreement between these values is
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reasonable when the uncertainties in these measurements
are considered. Somewhat better agreement is obtained
if one disregards the fast neutron contribution in the
thermal irradiation, and uses the value calculated from
the earlier slow neutron measurement ( page 38 ) to
correct for the slow neutron effect.

Unfortunately it is not possible to estimate the
fission flux through the other beryllium samples with
the present experimental arrangement. The non-uniform
distribution of points of origin of the fission neutrons
makes 1t virtually impossible to calculate solid angles
for these samples.

It had been hoped that the mode of fall-off of
helium concentratioy would enable the enhancement O
for an infinite moderating system to be calculated.

An examination of the present results (114) suggests

that a worthwhile precision cannot be obtained with

the present experimental arrangement, and this experi-
ment was therefore abandoned. In the design of & future
experiment on these lines the following points deserve
attention,

.(a) The variation of slow neutron flux along the

radius of the sphere.

(b) The relative contributions of slow neutron

reactions (e.g. on boron impurity, the lith-
ium contribution being negligible - Chapter III).
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and of reactions induced in the beryllium
itself by the fast neutron 'tail'! still
present with the 'slow' neutrons.

(¢) Arrangement of the fissile materisl in such
a manner that points of origin of the fission
neutrons is uniform, or at least makes poss—
ible a calculation of effective solid angles
of the beryllium slugs.
(d) A reduction in the size of the beryllium slugs.
The present method of helium analysis is cap-
able of sufficient sensitivity to perform the
analysis on samples of beryllium five to ten
times smaller than those used in this experi-
ment, without much sacrifice in accuracy.
Such samples would enable many more points to
be obtained on the helium concentration curve.
The enhancement © for an infinite berylliium moder-
ator could be calculated were an excitation function
for the n,2n reaction available. 'This could be most
easily obtained by the helium method using suitable
mono-energetic neutron sources. Alternatively, the
excitation function deduced.in the preceeding pages
would appear to give sufficient agreement with experi-
ment to justify its use for this purpose. Together
with the known n,q excitation function, this data could

be submitted to a 'Monte-Carlo' calculation (58) in
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order to obtain O,
Il. 8., Measurement of neutron fluxes (114).

The threshold reactions used to monitor the fission
flux during these irradiations were the A127(n,q)Na®%
and Mg24(n,p)Na24. In a separate series of measure-
ments the crdss-section for these reactions were com-
ared with those of the A127(n,p)Mg27, and Ssg(n,p)Psg
reactions. All these cross-sections have been measured
in terms of the fission cross-section of U258 in a
fission spectrum, this being taken as 0°*304 barns (114).
The accuracy of the fission flux measurements is 5%.
Thermal fluxes were measured using 0059 detectors, the
thermal cross-section being taken as 37°0 barns (5).
The experimental error in the thermal fluxes is estimated

at 2%.
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c IIT.

The production of tritium in beryllium.,
S e — WA R UTY
9 6
III. 1. The reaction Be gn,a}He o

An essential requirement in the determination of
the Beg(n,zn)Be8 cross—-section by the helium method is
an accurate knowledge of the helium produced by the
Beg(n,a.)He6 reaction. As was pointed out earlier
there is some uncertainty in the published values for
the cross-section of the latter reaction, and this un-
certainty is the méjor source of error in the value
deduced for the (n,2n) cross-section. In addition the
published cross-section values for the (n,a) reaction
. cover a limited, but nevertheless important, range of the
fission neutron spectrum. It was therefore considered
that an independent measurement of this cross-section
should, if possible, be made covering the whole range
of the fission neutron spectrun.

A suitable method of measurement is suggested

when one considers in more detail the (n,a) reaction.
Be® + n — H® 4+ Het

L

Li
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One of the iﬁmediate Products of the reaction, He6, is
B-active with a half-life of 0°83 seconds, and resulté
in the production of the stable isotope Lis. The half-
life of He6 is much too short to hope to measure its
B-activity after extraction from the beryllium, but the
L:l6 produced undergoes reaction with thermal neutrons
to produce tritium with a half-life of 125 years which
can be extracted and measured,

17 e R He

4

It is apparent therefore that a measurement of the trit-
ium produced on irradiation in a khown neutron flux
(thermal) will enable the ammount of Li® fopmeg to Dbe
determined, and.this will give the Beg(n,a.)He6 cross-
section. A method for the analysis of trace quantities
of tritium in beryllium was developed, and is described
in Chapter Vi.

Under the conditions of irradiation of beryllium
in a hollow uranium slug in a nuclear reactor, the
Ssample 1s subjected to the simultaneous action of a
direct fission flux, and a thermal flux. The above
reaction sequence resulting in the production of trit-
ium will therefore occur,

Let No .= Total number of L16 atoms produced.

Née = Number of beryllium atoms irradiated.

Nii = Number of Li6 atoms present.,

Np = Number of H3 atoms produced
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ﬂf = Fission neutron flux.

ﬂs = Slow neutron flux.

t = Time or irradiation,

o, = Beg(n,a.)He6 cross-section,
Op = Lis(n,a.)H5 cross-section.

Rate of production of L16
= Rate of production by Beg(n,a) - Rate of Li® (nya)

i.e. .
| a
at(Vpy) = Npe+£pe0y = Npj-Pg-0n

This may be written as

a
at(Mpy)  + BgeOp- (W) - Npe+$p0, = 0

The solution of this equation being

v, - BoeOy Ny {1 _ e@(‘ﬁs“’gﬁt)}

Bs'OT
The total number of lithium atoms produced (No) is given
by

and hence the number of tritium atoms is

NT = NO - Nii

= B0 .N {t o1 exp(-fg. op. t)
S

o’ "Be z— +
*Crp ﬂs'oT

~ 2 2 N2 43
: ﬂ ..o .N ﬂs. OT. t - ﬂs. QT. t + —
£*“a*'Be

Neglecting bowers of t higher than t?, and also the decay
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of tritium, this gives

Bp = 5 Np.0p.0 .f .t
e e 3 e
Thus a measurement of the total number of tritium atoms
produced with known thermal and fission neutron expos-
ures enables the Beg(n,o,)He6 cross-section to be det-
ermined.

The quantities of tritium obtained proved to be
much higher than expected, and this at first suggested
that the direct production of tritium by the fast neut-
ron reaction Beg(n,Hs)Li7 might occur with an appreciable
cross-section within the spectrum of fission neutrons.
A measurement of this cross—-section for neutrons of 14
MeV incident energy was attempted, and is described
later.

IIT. 2. Experimental snd results:

Samples of beryllium were irradiated inside one
of the hollow slugs of uranium in the BEPO pile at
Harwell. The fission neutron flux was monitored using
the Ni58(n,p) reaction, the cross-section of this reac-
tion being subsequently measured in terms of the U258
fission cross-section. The flux values are therefore
consistent with the earlier determinations of °H for
fission neutrons.. The thermal fluxes were measured
using the reaction 0059(n’Y)C°60’ for which the thermal

neutron cross-section was taken as 37°0 barns. The
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beryllium samples were removed after a known time and
analysed for tritium, The analytical method is described
in Chapter VI,

Altogether tﬁree irradiations were berformed,
and for the first two of these small Pleces of cast
beryllium of 50 to 100 milligrams weight were used. In
order to ensure that the Samples analysed were subject
to the same neutron éxposures, the thirg irradiation
was performed using a cylindrical specimen of beryll-
ium from which small pieces were cut for the tritium
analysis. The material in this case was fabricated by
a powder metallurgical brocess. The results of these
determinations are given in Table X,

In addition to these irradiations the beryllium
was éhecked for L16 impurity by irradiations in the
thermal colum of the pile. The material used for these
determinations was the same as that used in the hollow
slug irradiations. The results of these measurements -

gave the following Li6 contents:
Cast beryllium :~ 15 % 045 x 10~ grams 1i%/gm. Be
Sintered beryllium :- 4*9 x 10™° grams Li?/gm. Be

In Table X the column givén as Tritium 'background!
gives the correction to be applied for tritium produced
from Li impurity, allowance being made for the thermal
flux in the hollow slug irradiations,
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The results of the first irradiation showed an
unexpectedly high tritium content. Subsequent irrad-
lations were therefore performed with some of the mat-
erial sheathed in cadmium in an attempt to measure the
fast neutron contribution to the total production of
tritium. The results of these measurements are given
in Table X.

The results given in Table X are expressed, where
appropriate, as the arithmetic mean of the determinafions.
The determinations were always performed as soon as poss-
ible after removal from the pile, and in general were
perfofmed on successlive days. Even with this short delay
successive measurements of the radiocactivity of the hydro-
gen fraction always showed a decrease with time, and this
together with the high activity observed suggested that
some short-lived products might be present. Consequently
the tritium collected from one determination was observed
in the gas counter over a period of time. No decrease
in activity was observed over a 14 day period, at the
end of which thé counter became unstable and measurements
could not be continued. During the period of observation
the fluctuations in observed counts were no more than
would be expected from statistical considerations.

After about six months the beryllium samples from
irradiation IIT were examined again with the following
result (91):
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Normal irraediation :- 2°38 x 10'' atoms H®/grem Be.

Cadmium sheathed
irradiation

9

- 2°83 x 10 stoms H®/gram Be.

Thermal irradiation

2°83 x 10° atoms H3/gram Be.

The tritium 'background' correction to be applied to
this result from the normal irradiation, after ailow—
ance for decay over a six month period, is 2°12 x 10'!
atoms H®/gram beryllium. Comparison with the results
of Table X for the same irradiation indicates that a
considerable loss in activity has occurred, and this
loss is too great to account for by tritium decay.

In addition to the pile irradiations, an attempt
was made to observe the Beg(n,H"‘)I.i7 reaction and to
measure its cross-section for 14 MeV neutrons. This
reaction has not previously been observed but should be
energetically possible at neutron energies greater than
11°6 MeV, its calculated threshold energy. The reaction
H®(d,n)He* was used as a source of 14 MeV neutrons, the
target consisting of tritium adsorbed on a zirconium
foil. The neutron flux was monitored using the Mg?*(n,p)Na2+4
reaction, and the time variations of the flux were observ-
ed throughout the irradiation by means of a boron tri-
fluoride counter.

(a) Irradiation details:

The beryllium used in these irradiations was in

the form of turnings sieved to 24 standard mesh*® The
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magnesium monitor wés in the form of small pPlates about
2 millimeters square obtained as clippings from magnes~
ium ribvon. Suitable quantities of beryllium and mag-
nesium (about 100 milligrams)~Were mixed together and
sealed into a polythene envelope 1 cm. square. This
envelope was then strapped to the back of the tritium
target, the envelope being separated from the zirconium
foil by a layer of brass. The deuteron beam was then
switched on, and the time variation of the neutron flux
was observed using a boron trifluoride counter in a fixed
geometry relative to the target, the total counts being
recorded at regular intervals. At the end of the irrad-
iation the polythene envelope was opened and the beryllium
and magnesium were then separated from one another. This
Separation was readily accomplished using a pair of for-
ceps. The beryllium was immediately examined for tritium
content, and the magnesium was examined for Na24 activity
in order to determine the neutron exposure.

The magnesium after weighing was placed in a stand-
ard volumetric flask, and & sufficient quantity of con-
centrated hydrochloric acid added to dissolve complete-
ly the metal. The solution was then made up to a stand-
ard volume with distilled water., Aliquots of this stand-
ard solution were then transferred to a ligquid counter
of known counting efficiency for Na24, and the activity
observed over about two half-lives (30 to 40 hours observ-

ation). The decay curve was used %o obtain the activity
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at the end of the irradiation, ana a correction applied
for decay during irradiation, allowance for the time
variation of the neutron flux being made. The
total activity A, produced during the irradiation
was thus obtained, the total neutron exposure being giv-
en by the expression,

Ao
A.N.o

g.t

where X is the disintegration constant of Na*4, N the
total number of atoms of magnesium irradiated, and ¢ is
the cross-section of the reaction Mg?*(n,p)Na24 for 14
MeV neutrons (39),

The liquid counter was calibrated for Na?4 in the
following manmer. Na?4 was prepared by pile irradiation
of a sample of sodium carbonate, and a standard solution
of this sample was prepared. Weighed aliquots of this
standard solution were evaporated on to counting trays
consisting of a thin film of plastic (V.Y.N.S.). The
prepared trays were then counted over two half-lives in
a 4m-counter, and from this the absolute activity of the
prepared Na*4 solution was obtained. The solution of Ng2+
was then diluted to brovide a convenient counting level
for the liquid counter, and aliquots of this solution
were counted in the liquid counter. The efficiency of

the particular counter used in this work was 13°34%.
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(b) Results of 14MeV irradiations:
SEELUE OF 4aNeV irradiations:
The results of the 14 MeV irradiations are given

in Table XI.

Table XI. Begin,H""}Li7 cross-section for

14 MeV neutrons,

Irradiation number I I1

Irradiation time (hours) 1°0 6+0
Neutron exposure

(neutron/em® x 10‘11) 5%6 11°25
Observed activity + .
(counts/minute) °0 =1 74°3 ~ 0°9
Background . .
(counts/minute) 73 = 0°9 48°2 =~ 0°7
Tritium activity + .
(counts/minute) 17 = 13 26°1 - 1°1
Counting factor 20379 20372

Mass of beryllium

(grams) 0°0760 0°1514
Specific activity + .
(counts/minute/gram) 580 = 40 403 - 17

" Tritium content

(atoms H3/grem Be. x 1072) ©°0 3+82
Cross-section . "
(millivarns) 134 = 10 51 = 2

The cross-section values deduced above show a
wide discrepancy. This is to be expected considering
the conditions under which this experiment was performed.
The neutron source available was not capable of giving

higher neutron exposures than those obtained, and
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this resulted in a low tritium production. The low
activity obtained as & result of these irradiations
does not permit of high accuracy in counting, part-
icularly in the bresence of such a high background,
The results can only be of use in indicating the order
Of magnitude of the effect,
III. 3. Discussion of tritium measurements,

Using the results of Table X, and the formula
deduced in section IIT.1 the Beg(n,a) cross~section
can be calculated., The results of these calculations
are given in Table XII, the cross-section being deduced
first from the result without cadmium, and then from the

Same results after deduction of the tritium produced in

cadmium,
Table XII: Begfn,alHes cross-section.
[}
Irradiation number I II IIT

Cross-section from
total tritium,

(millibarns)

Cross-section after
- correction for cd
effect.
(millivbarns)

o7 170 284

- 43 243

From the integration of the excitation functions
available (see II.3.) the cross-section of this reaction
over a fission spectrum is known to lie in the region of

30 millibvarnsg, Only one of the results obtained, that
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from irradiation II after correction for the fast neutron
contribution, lies in this region. There is however no
apparent reason why this particular result should be
chosen. Examination of the results given in Table X
indicates that within a given irradiation the analyses
for tritium are consistent, and it is therefore reason-
able to suppose that the analyitical technique is rel-
iable.

The fall in activity after a period of six months
in the sample from irradiation III, and the high observed
tritium values are the two main problems which must be
settled. These facts lead immediately to the suggest-
ion that some short-lived isotope is produced by reaction
with impurity in the beryllium during the neutron irrad-
iations. Having regard to the analytical technique for
the extraction of activity from the beryllium, an exam~
ination of the isotope tables indicates that the most
probable isotope is argon 37, with a half-life of 35
days, which could arise from the reaction Ca40(n,a)A37.
This reaction is exothermic and hence can occur with
thermal neutrons. This possibility must be rejected
however, since an observation of the extracted activity
over a period of 14 days showed no decrease in activity.
For the excess of activity observed in the tritium deter-

minations a decay of about 25% would have been expected

for A7 contamination. In addition, the Céu)(n,a)
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reaction would also have taken place in the thermal
column irradiations, and high activities were not obéerv—
ed. One is forced to the conclusion that the high activ-
ity is indeed due to tritium, and that the fall in act-
ivity is due to some other process.,

There are two further processes which might be
used to account for the fall in tritium activity in the
si1x month period:

(a) The excess tritium could be present as a surface
contamination arising from the adsorption of externally
produced tritium. Such tritium could arise from (n,H3)
reactions in surrounding material., The tritons could
be directly captured by embedding in the beryllium supr-
face, or could first be captured by water molecules
bresent in the surrounding atmosphére,‘replacing the
hydrogen atoms, and this followed by adsorption of the
'tritiated! water molecule on the beryllium surface,
Exchange of this adsorbed 'tritiated water with the w
water vapour of the atmosphere would brovide a mechan-
ism for the fall in activity.

(b) The excess of tritium could be present in the
quy of the material, and might diffuse out of the ber-
yllium. No information is available on the diffusion
of gases in beryllium., The earlier experiments on the
helium production cross-section suggest that the diff-
usion of helium, if it occurs at all, must be slow since

the helium analyses were consistent, and in most cases
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the time between irradiestions and analysis were quite
different. However this argument may not be applicable
to the diffusion of hydrogen or tritium since in this
case the diffusion could be due to a chemical process
as in the case of palladium. In the absence of inform-
ation to the contrary it can be assumed that such diff-
usion is possible.

The pieces of beryllium were irradiated in alum-
inium cans. Li6 impurity in the aluminium could give
rise to tritons on neutron irradiation, and since the
feaction is exothermic to the extent of about 4 MeV
such tritons would have sufficient energy to escape
from at least the surface layer of the aluminium can.
These might embed in the beryllium surface, or collect
within the can and be subsequently adsorbed on the ber-
yllium.sﬁrface. An examination of a typical can show-

ed a tritium content of 5°52 x 1011

atoms of tritium/
gram of aluminium, the analysis being conducted as for
beryllium. The tritium might thus contaminate the ber-
y1llium by either of the mechanisms discussed. This
possibility is rendered unlikely however, when one con-—
siders that such contamination would also occur in the
irradiations with thermal neutrons, and no high activ-

ities were observed in these irradiations. It can Dbe

seen from the results of the thermal column irradiat-—

ions that the correction to be applied is small comp-
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ared with the tritium excess.
Tritium could also arise from the reaction N14(n,H3)

cl@

by interaction of neutrons with nitrogen in the air
surrounding the irradiated sample., This reaction has
an energy threshold of 4°4 MeV, and the cross-section
for fission spectrum neutrons having energies above the
threshold is I1 % 2 millibarns (92)., Taking into acc—
ount the fact that only 7°6% of fission neutrons have
energy above 4°4 MeV, and that the volume of the irrad-
iation cans was about 5 ccs., calculation indicates
that for irradiation I (Table X) about 2 x 10%1 atoms
of tritium could accumulate in the can from this source.
This represents somewhat over 5% of the total tritium
observed. The N14(n,H3) reaction is endothermic and
consequently relatively few of the tfitons formed would
have sufficient energy to embed in the‘beryllium surface.
Although exchange with water molecules is still a poss-
ible mechanism for surface adsorption, such adsorption
would be governed by an equilibrium between adsorbed
water and water vapour in the surround. An order of
magnitude calculation assuming a 100 milligram spher-
ical specimen of beryllium, and a vapour pressure of

1 cm. of water vapour in the surround indicates that

a surface monolayer of water molecules contains only

9

1077 parts of the total water. Under such conditions

the bulk of tritium would remnain in the surround. Thus
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it appears improbable that this reaction makes a sig-
nificant contribution to the tritium excess.
Of the possible reactions which could give rise to
surface contamination the L16 and Nl4 reactions appear

to be the most likely. The Li®

cannot be a contributing
factor because of the absence of high activity in the
thermal neutron irradiations, and the Nl4 reaction

whilst still a possibility would appear to give insuff-
icient tritium to account for the observed tritium ex—
cess. Contamination of the beryllium surface by fission
products from the uranium seems unlikely since the uranium
slugs would be completely enclosed in a canning material,
In addition the beryllium slugs were themselves enclosed
in aluminium,

It would appear therefore that the diffusion of
tritium from the body of the material is the most likely
cause of the fall in activity observed. If this is in-
deed the case then the present method of observation
would need to be considerably modified. The high observ-
ed tritium activities require to be accounted for.

The (n,a) cross-section obtained by integration
of the published excitation functions is in the region
of 30 millibarns, and this is lower than those in Table
XII deduced from tritium measurements. These high re-
sults must be due to an excess of tritium, rather than

to an underestimated cross-section in the excitation



76
functions, since the cross-section deduced from the re-
sults out of cadmium in irradiation III (Table X) is
higher than the helium production cross-section (Table
IV). PFurthermore there is a considerable tritium product-
ion in the cadmium sheathed specimens which should not be
present as a result of the Beg(n,a) reaction. The excess
of tritium must therefore have its origin in some epi-
cadmium neutron reaction.

The tritium excess is too large to be accounted for
by the neglect of the Lis(n,a) cross-section for fast
neutrons. The excitation function for this reaction
is given by Ribe (93) for fast neutrons, and integration
over the fission spectrum gives a cross-sectiom of 405
millibarns. It is readily shown that the tritium pro-
duced from this is several orders of magnitude lower than
that observed.

Having established that the tritium excess is due
to an epi-cadmium neutron reaétion it is considered im-
probable that the tritium would arise from neutron reactions
with impurity in the beryllium. The known impurities in
commercial beryllium have been given in Table VI, and
Q-values of the isotopes of these impurities have been
computed from mass values where these are availabvle.

These Q-values are given in Table XIII. It can be seen
that with the exception of B10 all possible impurity

reactions involve high threshold energies, and this fact
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considered together with the low content of these im~
purities rules out the possibility of this type of

interference.

fable XITT: Calculated Q-values for (n,H3) reactions
' in impurities in beryllium metal.

Isotope Q~value Isotope Q=-value Isotope Q-value

(Mev) (meV) (MeV)
re6 ~11°56 m®7 L1087 Mg®t _15ea7
Mg25 -10°53 ug®  _14°69 % 1330
<p50 ~15°30 ¥i%  _11-36  ou® - geos
51°8 -17+06 s1%°  _11-56  §1%0  _14-4s

0 11

B + 0°23 B

The-BlO(n,H3)Be8 reaction is exothermic and hence
from energetic considerations should occur with thermal
neutrons. The reaction of thermal neutrons with B10 is
known to proceed via the (n,a) reaction with a Cross-
section of 4010barns (5), and if the (n,H®) reaction
were to proceed with a similar cross-section the reaction
would make a significant contribution to the observed
tritium excess. The‘reaction is not reported in the
literature for thermal neutrons, and it would appear
that the reaction is forbidden at these neutron energies,
The reaction is reported at higher energies (94; 95),
but apart from a measurement of the differential cross-

section at 14 MeV (96) no cross-section values are re-

ported. The cross-section for the reaction integrated
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over a fission spectrum will be insufficient to account
for the observed tritium excess, since a calculation
based on the total cross-section (5) gives an insig-
nificant quantity of tritium. The differential cross-
section at 14 MeV is reported as 3 millibarns/steradian
(96),and assuming isotropic emission as an approximation
this gives a cross-section of 40 millibarns. Having

regard to the low Blo

content, this cross-section is
insufficient to account for the tritium observed in the
14 MeV irradiations also.

From the resulte of the 14 MeV irradiations it
would appear that the Beg(n,H"’_)Li'7 reaciion occurs with
an appreciable cross-section, although the results did
not show good agreement. In view of a possible bulk
diffusion of tritium in beryllium such a result is not
surprising since the beryllium used for the irradiations
was in the form of turnings sieved to 24 standard mesh,
in which the bulk diffusion would be more rapid than in
larger pieces. It will be noted that in the 14 MeV irrad-
iations the sample giving the lower cross-section was
irradiated for the longer period (6x) and diffusion out
of the material during the irradiation wouldbe greater
than in the sample irradiated for a short period. The
actual cross-section for the reaction at 14 MeV is POSS=
ibly larger than that observed if diffusion of tritium

in beryllium occurs. It is of some interest to consider
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the Cross-section values which would be required ir

this reaction is to account for the observed tritium

excess,

Table XIV: Calculated values of Begfn,H32 cross~section,

Irradiation number I II IIT
Normal irradiation

Average over fission spectrunm 0°033 0°041 0°055

(millibarns)

Average for fission neutrons o7 117 157

116 MeV (millibarns)
Cadmium sheathed irradiations

Average for epi-cadmium neut- . .
rons in fission (millivarns) = 0°038 0°009

Average for epi~-Cd neutrons
11°6 MeV in fission - 109 25

1) ibarns)

The Beg(n,a) cross-section is assumed to be 33 milli-
barns integrated ovepr a fission spectrum as in the earl-
ier discussion of the Beg(n,2n) cross-section, Using
this value in the formula deduced earlier, the contrib-
ution of the Beg(n,a) reaction to the total tritium can
be calculated, Deducting this from the observed_tritium,
the remainder can be used to calculate the value of the
cross-section of the Beg(n,Hs) reaction. Using the in-
formation that only 3°5 x 10"4 neutrons/fission neutron
have energy sufficient to initiate the reaction, the av-
eérage value of the cross—section sbove this energy which

is required to account fopr the observegd tritium can also
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be calculated. Similar calculations can be made for

the results observed in cadmium. The results of these

calculations are given in Table XIV.

These calculations indicate that the values of

the Beg(n,Hs)Li7 reaction cross—-section required to

account for the tritium excess are of a reasonable

order of magnitude. Two explanations might be advanc-

ed for the lack of agreement of the values obtained.

(a) Variations in the intensity of the fast
neutron tail of the fission spectrum. in differ-
ent irradiations. Such an effect would account
for the results of the tritium measurements., A
comparison of the fast to slow neutron ratios
between different irradiations indicates that
the samples were subject to somewhat different

irradiation conditions:

Irradiation I ¢f/¢s = 1°02
' II "' = 0°40
v III 't = 0°*50

The thermal and fast neutron flux in a reactor
core should be proportional being dependent only
on the thermal absorption ecross-section of the
Tissile material (97). It is not known whether
these different irradiation conditions would aff-
ect the proportion of higher energy neutrons to

which the beryllium samples were exposed.
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It would be expected however that the energy
spectrum of the neutrons from fission would be
invariant. Since the distance of the beryllium
sample from the fissioh source is small, signif-
icant energy degradation of the fast neutron
tail seems unlikely.

(b) Diffusional loss of tritium from the irrad-
lated samples. The evidence available suggests
that diffusion does occur, and that it is a rapid
process. This would account readily for the var-
iations in the observed tritium production, and
is the most acceptable explanation.

The tritium observed in the 14 MeV neutron irrad-
iations of beryllium gives the cross-section listed in
Table XI. (Page 69). If diffusionsl loss of tritium
occurs then these cross-sections will be underestimated,
particularly the value obtained for the six hour irrad-
iation. It would appear reasonable therefore to accept
that the higher cross-section is nearer to the true
value, and as an approximation use the value of 150
millibarns as the Beg(n,H3) cross-section at 14 MeV
neutron energy. Graphical integration of the fission
neutron energy spectrum (54) indicates that the fraction
of neutrons in the energy interval 13°5 to 14°5 MeV is
5 x 1075, Using the data for irradiation III (Table

X, page 64) calculation indicates that neutrons from
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this energy interval would account for over 10% of the
ocbserved tritium. From 14 MeV to the threshold of 11+6
Mev the cross-section for the reaction will decrease
with the energy of the neutron, but the number of neut-
rong available is increasing exponentially. Thus lower
energy intervals could contribute similar quantities
of tritium. Thus it would appear reasonable to attrib-
ute the high tritium yields to the reaction Beg(n,Hs)
Li”.

I11.4 Conclusion.

The method proposed for the measurement of the
Beg(n,a.)He6 cross-section, whilst simple in principle,
has been found wanting in practice. Two effects, both
previously unreported, are suggested to account for
the failure of the method. These effects are:

(1) The diffusion of tritium from beryllium,
(2) Tritium production from the direct reaction
Be?(n,B%)11",

Consideration of these factors suggests that
the tritium analysis method in a slightly modified
form might still be used to measure the Beg(n,a.)He6
cross—~section over a fission neutron spectrum. The
following method is suggested:

The samples of beryllium for irradiation could

be enclosed in evacuated gold envelopes. Metallic

gold would be free from impurity which could give
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rise to tritium, and woulg effectively prevent access
of recoil tritoms. Evacuation of the envelopes would
brevent possible contemination from the N14(n,H3)012
reaction, and gold having excellent cold welding
broperties could readily be sealed off after evacua-
tion. Alternatively the beryllium samples could be
sealed in & coating of evaporated gold. The analytical
technique for tritium would require no modification
since the berylliﬁm Sample and envelope could both be
dissolved by the action of halogen, and hence all trit-
ium produced on irradiation could be collected. A
minor disadvantage would be the high Au'98 activity
produced, but this has & half-life of 2°7 days, and
would have disappeared at the end of one month., The
samples could be analysed for tritium at the end of
this period. Observation of the tritium production
with and without a shielg of cadmium would be necess-
ary in order to assess the contribution from the direct
reaction Beg(n,H3)L17. The method could be subject
to quite large errors, since the Beg(n,a.)He6 cross—
section is obtained as a small difference between two
large quantities,

It is regretted that time was not available
during the course of this work to perform these

measurements,
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CHAPTER IV,

Establishment of an absolute neutron standard=

Iv, 1. Introduction,

The problem of standardisation of neutron sources
has been recently reviewed by Wéttenberg (98), who
concludes that at the time of writing absolute neutron
measurements are only accurate to about 4 per cent
for neutrons of almost all energies, whilst relative
measurements can be made to an accureacy of a few
tenths of g ber cent. The uncertainty in aebsolute
neutron measurement represents one of the most ser-
ilous errors in the measurement of absolute values of
neutron cross-sections. Since accurate absolute val-
ues of neutron cross—sections'are becoming increas-
ingly necessary in nuclear Physics, it isg considered
desirable that the present accuracy of neutron measg-
urements should be improved. One method of achiev-
ing this would be the establishment of an accurately
calibrated neutron source,

In July 1954 a conference was convened at Harwell

to discuss the bresent status of work on neutron
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sources, and to consider various proposals for the
establishment of an absolute neutron standard (99).

At this conference broposals for the establishment
of an absolute neutron standard were bresented by
E.B.M. Martin and G.R. Martin (100). In these pro-
posals the programme outlined was divided into three
component parts;

(1) The production of g reproducible arbvitrary
atandard source.

(II) The development of a source whose yield is
known absolutely,

(III) The development of a technique for the
accurate comparison of sources which will,
in general, ve of rather low intensity and/
or have different neutron energy spectra,

The work described in this thesis is concerned with
bpart II of this programme,
IV. 2. Outline of the method,

The source chosen for the determination of the
absolute yield in these determinations was the beryll-
ium photoneutron source. The source conéisted of a
machined cylinder‘of beryllium of about s8ix grammes
weight containing at its geometrical centre a radium
Preparation (approximately 500 milligrams of radium)
sealed in s platinum case, Ngutrons are produced

according to the nuclear reaction,
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Beg oy e— Be8 +

|

2He4
Contamination of the source with neutrons from the

reaction,

Be9 +* O —— 012 + n

is avoided by the sealing of the radium preparation
inside a platinum case.

The method of calibrafion of the neutron source
is based on the original proposal of Glueckauf and
Paneth (41). It will be observed that in the beryll-
lum photoneutron reaction the emission of a neutron
résults in the formation of the nucleus Be8 which is
unstable and breaks down into two a-particles, i.e.,
heliﬁm nuclei. The helium yield is direetly reiated
to the number of neutrons produced, and hence measure-
ment of the helium gives the absolute neutron emission.
The assumptions embodied in this method of calibration
are few, and have been enumerated by E.B.M. Martin and
G.R. Martin (100):

() Each neutron produced is accompanied by two

a-particles; i.e.,
(1) Be® aisintegrates immeaiately on forma-
tion, or at least before measurement of

the helium.
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(ii) no other (Y,a) or (y,n) reactions are
possible with beryllium or with impurities
‘contained in 1it.
(b) The resulting helium is retained within the
metal untii dissolution.

8 was discussed

The disintegration of the nucleus Be
at some length in Section I. 4 (page 14) where it was
concluded that all states of the nucleus are unstable
with respect to breakdown into two o-particles. The
maximum energy of the y-rays from a radium preparation
is 2°4 MeV (from radium C). Only two (y,n) reactions
are known with the threshbld energies below this value,
the reactions Beg(y,n)Be8 and Hz(y,n)Hl. Contamination
of beryllium metal with deuterium is extremely unlikely,
and hence the only photoneutron reaction which needs

to be considered is that with beryllium. Beg(y,o,)He5
(n)He4 - energetic threshold 2°229 MeV - is merely

an alterative to Beg(y,n)Bes(a)He4. Of the known im~
purities in commercial beryllium (page 39) the lowest

(v,a) energetic threshold is 4°45 MeV with B-C

, and
thus contamination from this source is improbable.
The loss of helium from the beryllium before
-dissolution is the only question concerning which no
data is available. The energy available from the

8

break-up of Be” is only 96 keV (8) and hence the

a~-particle recoil range is much less than the linear
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dimensions of the beryllium capsule. Thus little
loss is to Dbe expected from this source. It has
been stated that all metals are berfectly helium
tight (41), but there appears 1o be no experimental
evidence for this in the case of beryllium, Methods
by which this diffusion might be studieq have been
Stegested in Section IT.1 (page 28). The resulte
Obtained in the study of the Beg(n,zn) reaction
(Table IV, page 23) would appear to justify the
assumption that at room temperature the diffusion,
if it occurs at all, is slow,

Thus it would appear that the assumptions, on
which the source calibration ig based; are reason-
able. The calibration method suffers from the dig-
advantage that the act of calibration destroys the
sourcé, but this disadvantage can be eliminated by
compariéon of the source with other beryllium photo~-
neutron sources. Relative measurements of neutron

Source strength can be made with an accuracy of g
few tenths of g per cent, particularly if the neutron
Snergy spectra are the same (98). After determination
-of the relative neutron emissions of such sources

the absolute emission can be determined bylmeasure-
ment of the helium produced in one of them, Thus
sources are made available whose absolute neutron

emission is knoﬁn.



-89-

The helium is analysed by the methods devel-
oped by Paneth (65), and his collaborators, with the
addition of some techniques developed during the course
of this work.,

IV. 3. Comparison of photoneutron sources.

Six machined capsules fabricated from a helium-
free specimen of cast beryllium weré constructed for
this experiment. The capsules were in the form of
cylinders about six grammes in weight, having a cyl-
indrical cavity at the centre in which the platinum
covered radium sources were fitted. Cast beryllium
was chosen as the constructional material since this
had been shown to be free from helium by previous
workers. Beryllium fabricated by powder metallurgical
brocesses was found to be unsuitable, having a measur-
able helium content (101).

Three of the sources thus constructed were chosen
for subsequent helium analysis, For the purpose of
comparison the sources ﬁere pPlaced alternstely in s
fixed position in g paraffin block in which was embedded
a boron trifluoride counter for neutron detection,
Observation of neutron counts for every combination
of radium source and beryllium capsule were made, the
observations being continued for a sufficient time to
achieve the required statistical accuracy in the count-

ing. In this way random errors in the counting were
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reduced to about 0°15 per cent in the ratios between
sources,

IvV. 4, Measurement of Helium,

From the known approximate neutron emission of

10" 7ces. of helium would accumilate in the beryllium
capsule for eévery six months of irradiation, During
the course of the work described in this thesis the
quantity of helium available for measurement varied
from 10-7ccs. to 6 x 10-7ccs., this quantity being
contained in about six grammes of beryllium, This
r'epresents quite g formidable broblem in analysis,

A number of methods were considered for the
extraction of the helium from the beryllium sample,
Attack by halogens was rejected because of the diff-
iculty involved in handling the material in g vacuum
system containing mercury., An attempt wes made to
amalgamate beryllium with mercury, which if success-
ful would have been an ideal method of extraction, but
in pilot eéxperiments beryllium resisted attack by
mercury. The method finally accepted was that of
dissolution in dilute sulphuric acid, or a nearly
saturated solution of potassium cupric chloride,
These methods have the disadvantage that large vol-

- umes of hydrogen are pProduced during the dissolution,
Dissolution in dilute sulphuric acid has the
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advantage that the solution and dissolving vessel
are readily freed.from helium by flushing the solution
with electrolytic gas derived from the electrolysis
of the solvent. The rate of solution in dilute
sulphuric acid is slow, and seemed to depend to some
extent on the nature of the surface of the beryllium
metal. In one determination on a half-gramme quant-
ity of beryllium some ten hours was required for com-
Plete solution. This situation was improved by using
a nearly saturated solution of potassium persulphate
in dilute sulphuric acid, the rate of solution in
this case being much more rapid. It is necessary in
determinationa of this kind to avoid saturated sol-
utions, since the process of degassing the solution
produces supersaturation with consequent crystalle
isation of the solute. It is possible that such
crystals could carry down occluded helium, However
whilst dilute sulphuric acid was always used for
helium determinations on approximately half-gramme
quantities of beryllium, it was not used for larger
quantities because of the large volumes of hydrogen
involved.

Potassium cupric chloride solutions were used
for the dissolution of larger quantities of beryll-
ium because of the lower hydrogen yield. Six gramme

quantities of beryllium give with acid solution about
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fifteen litres of hydrogen. This is reduced_to six
litres of hydrogen by the use of potassium cupric
chloride. This solvent has been successfully used
for the dissolution of iron meteorites for the deter-
mination of their helium content (102). The use of
this solvent has some disadvantages. The solution
cannot be de-gassed by electrolysis because of the
production of chlorine, and consequently degassing
is performed by prolonged flushing with helium free
oXygen. This involves the transfer of large quant-
ities of oxygen and water vapour through the bump-
ing system. The process 6f solution in this solvent
is erratie, the surface of the beryllium 5ecoming
coated with a layer of deposited cofper which impedes
solution until the layer is dissolved, This copper
coating has othep undesirable features.. During the
brocess of solution small quantities of beryllium
are sometimes broken off the main mass, become coat-
ed with copper, and fall into the sediment of cuprous
chloride at the bottom of the dissolving vessel, It
is pbssible that such pieces might remain undissolv-
ed. The process of solution therefore requires to
be watched carefully. This flaking was only observed
with unmachined samples of cast beryllium which were
very rough, and contained cracks. With machined

samples the effect may not occur. A further
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disadvantage is that comparatively large volumes.of
oxXygen are required to sweep helium from the solution
and'dissolving vessel when dissolution of the bery-
llium is complete. The great reduction in the prod-
uction of hydrogen obtained by the use of this sol-
vent was considered to outweigh these disadvantages..

Having settled the choice of solvent, the prob-
lem of removing the hydrogen without loss of helium
required to be solved. An attempt was made to
remove the hydrogen, or at least a lafge proportion
of it , by leeking it away through a heated palladium
thimble. However with the size of thimble available
the leakage rate.was found to be too slow for this
method to be practicable. The method finally used
was that of burning with helium-free oxygen, a
method used by previous workers (41,102). Detailed
accounts of the method are given in Chapter V.

The methods used by previous workers for the
preparation of helium-free oxygen are satisfactory
where the quantities of hydrogen involved are small,
but are tedious and difficult to apply with certain-
ty for larger ammounts., Since it was proposed to
perform blank determinations on samples of beryll-
ium before and after the determinations on the neutr-
on standard capsules, a proceedure requiring the

burning of some 18 to 20 litres of hydrogen, quan-
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quantities of helium-free oxygen of the order of 10
litres ﬁere required for each analysis., A method in-
volving the distillation of liquid oxygen was developed
to provide the oxygen, and was found to be satisfactory
in practice.

Detailed accounts of the proceedures adopted for
the extraction of the helium from beryllium in a form
suitable for measurement are to be found in Chapter V.
The main difficulty in the work was that of obtaining
satisfactory blank determinations on quantities of
beryllium of the order of six grams. Since it was re-.
quired to obtain an accuracy of one ber cent or better
on the neutron standard determinations, it was necessary
that the blank determination should give somewhat less
than 6 x 10™%ccs. of helium at S.T.P., this quantity
being that contained in 10™%ccs. of air,

An early difficulty was that of determining
whether the methods adopted were suitsble for the
final analysis. Thus the testing of the oxXygen prep-
aration methods required that the oxygen be burnt with
helium-free hydrogen, which could only be satisfactorily
obtained by the dissolution of a helium-free metal,

The testing of the metal sample required the use of
Samples of helium~free O0Xygen. No independent method
for the testing of either the oxygen or the metal was

available, A4 broceedure was adopted by which it was
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hoped to resolve the difficulty. This consisted in
dissolution of the same mass of metal in dilute sulph-
uric acid and also in potassium cupric chloride, diff-
erent amounts of hydrogen being given in each case.

Thus if the quantities of helium obtained were the Same
the impurity should then be contained in the metal, and
if different the helium impurity would be in the oxygen.
Ideally this proceedure should give the required answer,
but in practice never did, the reason being that these
are not the only bossible sources of helium contamination,
The nost satisfactory method is that of obtaining a

blank determination.

A sample of helium-free metal was available in the
laboratory, this being the sample of cast beryllium
which Reasbeck had foung to free from helium, (see page
89), but there bveing only about 10 grams of this mater-
ial remaining it was considered that this sample should
remain as a reference standard until such time that the
broceedures adopted were found satisfactory,

A satisfactory blank determination was eventually
achieved on g specimen of cast beryllium. The results

of this analysis were:
Mass of beryllium i~ 6°3 grams,

Helium fraction = 65 x lo"gccs. at S;T.P.

Neon fraction = 10 x 10-7ccs. at S.T.P,
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The amount observed for the helium fraction will be
seen to be about one per cent of the helium expected
on dissolution of the neutron standard capsules. The
actual amount of helium in the sample measured must
however be somewhat_less than this for the following
reason. In practice a blank measurement made on the
fractionating column always gave a measurable quantity
of helium, which was considered to arise from air con-
tamination. This point is discussed in Chapter V,
section 10, figures for typical blank analyses belng
given in Table XVII. In this table it can be seen that
typical contamination from the column is about 2°5 x 10~°
ccs. of helium. Thus the observed helium should be corr-
ected by this amount, the result being therefore 4*0 x
10"9 ccs. of helium per 6*3 grams of beryllium,

The neon fraction observed is high, but it is obvious
that thié is not due to air contamination, at least not
completely, since the helium to neon ratio is very much
less than that of air. This high neon value might be
explained in two ways:

(a) The neon may not have been completely removed

from the oxygen in the distillation process,

(b) The neon fraction may actually be due to a

small quantity of hydrogen which has survived
attempts to remove it in the earlier stages.

The measuring technique would not discriminate
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between hydrogen and neon, and the quantity
of hydrogen required to give the observed
deflection would be very much less than that
recorded as the neon fraction, since the detect-
or is much more sensitive to hydrogen then neon.
This blank analysis whilst showing that the helium
extraction methods are adequate is still not completely
satisfactory. The neon fraction must bé reduced to less

than 1 x 10~8

ccs. to avoid ambiguity in the neutron stan-
dard determinations. Thus although it is possible to 
exclude air contamination in the bulk of the neon fract-
ion observed in the blank determination, this would not
be possible where the helium fraction ié of the order
of 6 x 10 'ces.

It is regretted thet time was not available to com~

plete this section of the work.



CHAPTER V.

IHE ESTIMATION OF HELIUM IN BERYLLIUM.

V. 1, Introduction.

The micro-analytical techniques for the measure-
ment of helium discussed in the following pages are
based on the results of many years of patient effort
by Paneth and his collaborators, of whom special'
mention mey be made of Glueckauf and Chackett who are
largely responsible for the present form of the appar-
atus. Paneth recognised in the low detection limits
of the inert gases a direct means of studying artific-
ial transmutation of the elements, a field of study
which at the beginning of his reseaches was largely
the exclusive domain of physicists. Paneth has recent-
ly reviewed his work in the field of micro-analysis
of the inert gases (55). The technigues have been
' apprlied to a large variety of problems of which mention
may be made of the following: geological age determin-
ations of rocks and minerals (103); age of meteorites
(60, 102, 104); the analysis of étmospheric and strat-
ospheric air (61, 105, 106); interaction of y-rays with
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beryllium (41); study of spallation reactions (107);
interaction of neutrons with boron (108).

The first study of the helium produced in bery-
1llium as the result of a nuclear reaction was made by
Paneth and Glueckauf (41) in the course of which they
were able to show that of the two postulated reactions,

Beg o — Be® + n (1)

Be? & vy —— 2He* 4+ n (2)

reaction 2 was the one which occurred. Physical methods
of study had been unable to decide, until this time,
which of the two reactions occurred. The present work
was undertaken as a further study of this reaction with
a view to its use in neutron standardisation (100),

and also to study the interaction of neutrons with bery-
1lium.

An outline of the technique of helium measurement
used will be given before the more detailed discussion.
The sample of beryllium is dissolved in dilute sulphuric
acid or potassium cupric chloride solution to release
the helium from the metal. This_process was considered
to give the best promise of success, its great draw-
back being the large volumes of hydrogen released on
dissolution of the metal. An attempt was made to re-
move the bulk of this hydrogen by diffusion through

palladium, but the method was rejected being too slow
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with the apparatus available. The hydrogen is there-
fore removed by controlled burning with helium~free
oxygen. After passing through a further stage in
which small traces of hydrogen are removed by circulat-
lon of the gas mixture over heated palladium, the helium
is fractionally separated in a special apparatus. The
helium is then measured by means of a Pirani guage cal-
ibrated against a known volume of helium.

Soda glass is used throughout the construction
of the apparatus to reduce effects from the diffusion
of helium through glass. The only exceptions to this
rule are the Pirani guages and the vacuum Jacket of
the palladium furnace used to remove traces of hydro-
gen. Where heat is developed in the apparatus such
as in the dissolving vessels, hydrogen combustion
chamber, and palladium furnace, the particular section
is immersed in a water bath, since diffusion of helium
is much more rapid through heated glass, particularly
in the presence of hydrogen. Care must be taken to
ensure that all kéys used in glass taps are also of
soda glass, it being the bractice of some manufacturers
to construct the tap barrel of soda glass and the key
of 'Pyrex'. The presence of one éuch tap in the appar-
atus can give rise to serious helium contamination.
For a discussion of the many difficulties associated

with the technique of helium micro-analysis the reader
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is referred to the review of Paneth (55).

V. 2. The production of Helium-free oxygen,

Owing to the low equivalent weight of beryllium
a large volume ofhydrogen is produced on acid- dissol-
ution of the metal - approximately 2°¢5 litres /gram
of beryllium. The use of a nearly saturated solution
of potassium cuprié chloride as solvent reduces the
hydrogen production to about 1 litre/gram and this will
require 500 ccs. of pure oxygen for its removal by
the burning method. For the neutron standard determin-
ations using 6 gram capsules of beryllium, 3 litres
of oxygen would be required. The beryllium analyses
should be checked by performing blank determinations
before and after the measurement of the irradiated
capsule to ensure correct working of the apparatus.
These blank determinations would require the use of
similar quantities of oxygen, and thus a total of 9
litres of helium-free oxygen are required.

A number of methods for the production of heliume
free oxygen have been developed by earlier workers
(41, 61), but apart from the work of Glueckauf on
irradiated befyllium they have all been designed for
comparatively small volumes. The possibilities of the
electrolytic method used by Glueckauf (41) were considered,

and indeed an apparatus wa§<poqsypucted for this

Lot $
?
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preparation, but the method was rejected, since the
initial de-gassing of the solution involved trans-
ferring large volumes of water through the pumping
system, and the later bpurification stages involving
the adsorption of the oxygen on charcoal cooled in
liquid nitrogen with subsequent pumping-off of the
helium and neon contamination, reduced the method to
that used later by Chackett and co-workers (102).

The method described by Chackett is suitable where

the quantity of oxygen used is comparatively small
(i.e. 50 to 100 ccs.), but wheﬁ large volumes are
required the method is somewhat laborious and requires
a very large reservoir to offset the volume wasted
when pumping on the liquid oxygen. Such large reserv-
oirs are undesirable in this type of apparatus because
of the long pumping-out period, and the difficulty
experienced in detecting and isolating small leaks.
The following method was therefore adopted.

The method consists in the fractional distill-
ation of liquid oxygen and employs an apparatus sim-
ilar to that used by Clusius and Riccobini (109) for
the purification of low-boiling hydrocarbons. A
similar unit was used by Lambert and Phillips (110)
to purify oxygen for density determinations on the gas.
During the course of this work two purification systems

were used, and these are shown in figures 13 and 14.
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The first system (Figure 13) consists of a vacuum
Jacketted boiler and column surmounted by a reflux~head
and take-off system. Also shown in the figure are the
lines for filling the still, and supplying the purified
oxygen to that part of the apparatus in which it is
required. Heat is supplied to the still electrically
by means of an internal heater of 'Nichrome' resist-
ance wire sealea into the boiler by means of platinum
to glass seals. The wires are led out of the system
by two further platinum seals in the vacuum jacket
arranged so as to clear the surface of the liquid
nitrogen in which the still is immersed. The column
is packed with glass helices throughout its 20 cm.
length, and is widened at its upper end to admit the
finger trap reflux head. The annular space between
the upper end of the still and the finger trap is re-
duced to as small a volume as possible, and the lead
to the také—off system is made of capilliary tube,
both to limit the volume and serve as a flow imped-
ance. Take-off is effected through a mercury non-
return valve connected via tap T7 to the secondary
vacuum system the tap being used to adjﬁst the take-off
rate. In operation the still is immersed in liquid
nitrogen to the level indicated, and the finger trap

is filled with liquid nitrogen.



HFIGURE 13,

Oxygen purification apparatus I.
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The taps T2, Ta, T5, T6’ are opened and the system
is evacuated via the secondary vacuum line through the
take~of'f non-return valve and tap T7. The system is
then rigorously evacuated through the main vacuum
line via the tap T4, the earlier evacuation through
the secondary line being performed only to avoid tak-
ing large volumes of gas through the diffusion pumps.
Pumping is continued until a hard vacuum is produced,
this state being indicated by a McLeod guage in the
main vacuum line. The jacket of the distillation
colum is pumped at the same time through a connection
not indicated in the diagram. Throughout this pumping
period oxygen is bubbled slowly through the mercury
reservoir to flush out any air contained in the tubing
on the high pressure side of Tl. When a hard vacuum
has been attained pumping is discontinued on the syst-
em and vacuum jacket, and taps Tg, T4, T5, and T6 are
closed.

The rate of oxygen flow is increased and tap Tl
is slowly opened to allow the bulb A to fill with
oxygen, care being taken not to allow the flow of gas
through the mercury reservoir to be interrupted, and
then Tl is closed. The still is coo;ed by surrounding
it with liquid nitrogen, and the finger trap is filled.

Taps T2 and '1‘5 are then opened, the oxygen thus being
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allowed to enter the still where it is condensed, and
cools the still to liquid oxygen temperature. After

allowing time for the 8till to cool, the tap T, is

1
again opened, and oxygen from the stream allowed to
enter the still. About 20 minutes was the usual time
required t§ £ill the boiler. When the oxygen used had
been obtained by a commercial electrolytic process,
the build~-up of the non—-condensible hydrogen impurity
sometimes causes the condensation of oxygen to cease,
and when this occurs it is necessary to remove the
hydrogen through the take-off system, before the oxygen
condensation can be completed. The tap T1 is then
closed, and after allowing the system to attain its
equilibrium pressure of about 15 cms. of mercury, tap
T3 is closed. The gas remaining in this part of the
line is then removed via T4.

The heater of the still is switched on, and the
oxygen is refluxed for about 15 minutes, the tap T7
being adjusted so that about 40 bubbles/minute of
oxygen pass through the mercury non-return valve.
Distillation is continued for about 8 hours, during
which time the still requires little attention apart
from topping-up the liquid nitrogen levels in the
reflux-~-head and Dewar vessel. The volume of the li-

quid oxygen is then reduced to about one third by this

Process, and this purified oxygen is then stored in the
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still. The Dewar vessel is usually sufficient to
retain the oxygen overnight, but, should the bressure
of oxygen rise above atmospheric, the manometer pro-
vides a safety-valve.

The system just described was used throughout the
major part of this work, and was found to be satisfactory.
It was eventually replaced by the system shown in figure
14 when leaks were found to have developed around the
metal to glass seals, and in the second system the less
desirable features of the first were removed. These
undesirable features are:

1. The platinum to glass seals used to lead in

the heater current are subject to large temp-
erature changes, particularly_those in the
boiler.

2. The wire leads provided a good heat leak
into the system during storage and were prob-
ably the main factor in lowering the efficiency
of the still as a storage vessel.

3. The manometer, used as a safety-valve and s
check on the distillation Dbressure, is a poss~
ible source of air leakage., This arises when
the mercury is subjected to large fluctuations,
such as occur during its operation as a safety-
valve and when the oxygen becomes superheated.

Experience with a similap system has led to
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the suspicion that air is entrained in the
mercury column under such circumstances.

4. The finger trap type of reflux head is waste-
ful of liquid nitrogen, and requires more con-
stant attention than is desirable. This could
be improved by having the whole of the finger
trap immersed in liquid nitrogen, but owing
to the difficulty experienced in making the
internal and Dewar seals necessary, this was
not adopted.

The system shown in figure 14 used an external
heater of '"Nichrome' tape wound on a narrow glass tube
in the base of the boiler and fixed with brass sleeves.
The connections to the heating element were carried in
two tubes brojecting well above the liquid nitrogen
level, a vacuum seal being made with platinum wire. In
this model the column was backed with stainless steel
gauze (Dixon packing). The reflux-head consists of a
glass spiral which was completely immersed in liquid
nitrogen so that evaporation of the coolant, apart
from the normal losses of the Dewar vessel, occurred
only through heat exchange with the oxygen. Since
this still is not used as a storage vessel in the systen,
the manometer was dispensed with. The take-off system

is the same as in the previous model.



FIGURE 14,

Oxygen purification apparatus IT.
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With the taps Tl’-Tg’ TS’ T4, and T5 opened the
whole system was rigorously evacuated as before, and
on the attainment of a hard vacuum the tap T5 was
closed. After first flushing out the lead line by
bubbling the gas through the mercury, OXygen was passS-—
' ed into the small buldb A which was surrounded by
liquid nitrogen. The oxygen was condensed and coll-
ected in A, which had a volume of about 60 ccs. the

bulb being completely filled. With taps T, and T

2 4
closed, the bulb was opened to the pumpg two or three
times, for a few seconds, to remove any non~condensible
gases.

The distillation unit was then immersed in liquid
nitrogen to just below the internal seal, to allow
the seal to cool slowly, and then the level was raisedl
to completely cover the spiral. Tap Tl, leading to
the high vacuum line, was closed, together with the
lead to the vacuum jacket (not shown in figure 14),
before the immersion. T2 and T3 were then opened,
and the liquid nitrogen surrounding the bulb A was
removed to allow a small quantity of oxygen to condense
in the still, tap Ts then being closed, and the liquid
nitrogen being replaced around the bulb A. Some 10
minutes was required for this small quantity of oxygen

to cool the still, after which T5 was again opened,

the liquid nitrogen around A removed, and the oxygen
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allowed to condense into the still. When all the
oxygen had been transferred to the still, T2 was
closed and the bulb A was evacuated through Tl, the
bulb and connecting tubes being evacuated, when prac-
ticable, throughout the whole period when the still
was in use,

The still heater was switched on and the oxygen
refluxed, with the take-off operated as before, for
about 8 hours at the end of which Tl was closed, and
T2 opened. The bulb A was once more immersed in liquid
nitrogen, that surrounding the still being removed,
and the oxygen remaining in the still was boiled into
A. When the transfer was completed the still heater
was switched off, tap T5 closed and the still once more
evacuated via Tl. The purified oxygen was stored in
bulb A.

Pure oxygen is supplied to those parts of the
apparatus in which it is required by means of mercury
non-return valves. In figure 13 these are shown with
the lead-in taps T5 and T6’ and that for the second
system in figure 14 with the lead-in tap T,.

V. 3. Extraction proceeduresfor Helium.

During the course of this work three different
brocecsdures were adopfed for the extraction of helium
from beryllium, the choice of method being determined

largely by the size of the sample which varied from
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about 50 milligrams to 6 grams. An outline of the
three methods will be given.
Method 1,

The first method, which was applied to samples
of 500 milligrams to 1 gram, consisted in acid-diss-
olution of the metal, the evolved hydrogen together
with the attendant helium being collected by adsorp-
tion on charcoal cooled in liquid nitrogen. The
hydrogen was then removed by burning with helium~free
oxygen, the remaining mixture of oxygen, helium, and
traces of hydrogen being collected for further process—
ing before the final analysis. The method is a modif-
ication of that previously used by Glueckauf (41),
and the apparatus is shown in figure 15.

Sulphuric acid (20% v/v aqueous solution) nearly
saturated with potassium persulphate was used to dis-—
solve the beryllium. Solution in sulphuric acid alone
was found to be too slow in practice, particularly in
the case of machined samples, but the addition of
persulphate considerably speeded up the process. 100
ces. of this solution was contained in the flask A
which had an overall capacity of about 350 ccs. The
weighed sample of beryllium was contained in a small
platinum cage C which was connected by means of a
Platinum wire to an iron slug B encased in a sealed

sleeve of soda-glass. With the by-pass tap T12 open



FIGURE 15,

Apparatus for extraction of helium from beryllium,

(Method 1.)
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the flask was evacuated through the high vacuum line
via taps Tl’ and T2. The taps were then closed and
the acid solution electrolysed by means of two plati-
num electrodes sealed into the flask, until a pressure
of 1 em. of mercury had been built up in the flask,
this pressure being observed on the manométer Ml’

The electrolysis was stopped and the flask once more
opened to the pumps. This process was repeated six
times at the end of which the solution was completely
free of dissolved helium and neon.

After the process of de-aeration, the sample of
beryllium was lowered into the solvent by moving the
iron slug B with an external magnet. Solution was
allowed to proceed until a pressure of 60 cms. was
observed on the manometer, when it was stopped by
again moving the iron slug B. The Dewar type trap D
was filled with liquid nitrogen, and the charcoal bulb
E, which had becn previously evacuated whilst baking
at 200°C, was immersed in liquid nitrogen. The char-
coal bulb E contained 35 grams of coconut charcoal.
Taps T3 and T4 were opened. The tap Tl was then opened
to allow the hydrogen, together with its attendant
helium, to flow, via the trap D and the non-return
valve K, to the charcoal bulb E where it was condensed.
This process was repeated until all the beryllium had

been dissolved. There then remained in the flask a
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residual pressure of hydrogen which was insuffic-
ient to pass the approximately 1 cim. level of mercury
in the valve K. It was necessary to remove this and
any helium remaining either in solution or in the gas
phase.

The taps T:5 and T4.were closed and the liquid
nitrogen in the trap D removed, to allow the water
condensed there to 1iquify and fall back into the
flask through the tap Tl, which was then closed. With
the tap T12 closed pure oxygen was admitted to the

flask via the tap T, and the valve 0,, and was bubbled

1
through the solution to flush out dissolved helium

until a pressure of about 3 cms. was observed on the
manometer Ml' The mercury in the Toepler pump G was
raised to the ball-valves Bl and 32, and the trap D

once more filled with liquid nitrogen. The taps T3

and T6 were opened, and then Tl was opened to allow

the oxygen to'flow into the vessel H. Tl and T6 were

then closed, and the gas confined in the system between K,
ﬂh,'T , and T6 was transferred into the vessel 1, using
the Toepler pump G with Tll open, the gas in H being
prevented from flowing back by the ball-ventil BS‘ This
process was repeated three or four times with the excep-
tion that the tap TG remained closed, after which thé

greater part of the helium was contained in the char-

coal bulb E the residue being in the vessel H together
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with an excess of oxygen. Evidence for the correct-
ness of this last statement is given by the fact that
no helium was observed in the blank determinations
following an actual measurement on irradiated bery-
11ium, when these Dblank determinations were made with-
out opening the flask from the previous measurement.,

The tap T, was opened to allow pure oxygen from

9
storage to enter the vessel H via the valve 02. It
will be recalled from the earlier discussion on the
purification of oxygen that this gas was stored as
liguid at the temperature of liquid nitrogen. The press-—
ure of oxygen in the line will not therefore exceed the
vapour pressure of the liquid ét the temperature of
liquid nitrogen (approximately 15 cms. of mercury),
and hence the pressure of oxygen in the vessel H can
never exceed this value, and in fact is always slightly
less owing to the presence of a 1 cm. level of mercury
in the valve 02.

The vessel H is a specially designed chamber for
the combustion of hydrogen-oxygen mixture with the
minimum risk of explosion. The vessel is filled with
oxygen to a pressure of 15 cms. &s described above.
Tap T4 is opened and the liquid nitrogen surrounding
the bulb E is lowered until a hydrogen pressure of 30
cms. 1s registéred on the manometer Mz- The tap Tg

is carefully opened to admit hydrogen to the vessel H
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via the upper side-arm at the junction of which is a
heated platinum spiral. The hydrogen 1is ignited and
the resulting flame travels down the body of the vessel
which is conical in shape. _As the flame travels down
the vessel a greater surface of contact is presented

to the resction mixture causing a corresponding increase
in the reaction rate, resulting in a decrease in hydro-
gen pressure. This decrease in pressure retards the
advance of the burning front causing the flame to with-
draw to the narrower part of the veésel and the reaction
rate decreases. The liquid nitrogen level around = is
meanwhile further lowered to admit more hydrogen, the
bulb F acting as a ballast to minimise the pressure
changes occuring. Pure oxygen is continuously supplied
to maintain a pressure of 15 cms. in I, the tap T9 re~
maining open throughout the period of burning. How-
ever, even with the presence of the ballast vessel F,
the hydrogen pressure would sometimes fall dangerously
low with poor adjustment of liquid nitrogen level around
B, the control being difficult to adjust, and in such
case T6 was closed until the hydrogen pressure built

up again. This process was continued until the hydro-
gen pressure in E and F fell below 30 cms. with no nitro-
gen surrounding the bulb E. The taps T6 and Tg were
then closed.

The mercury in the Toepler pump was then lowered,
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the gases in the vessel H being prevented from escape

by the ball-valve Bs, and the tap T.., was carefully

11
opened to allow hydrogen to enter G, being then closed.
The Toepler pump was then raised and hydrogen bubbled
past the bal;-valve B5 and was burnt in the chamber.
This process was repeated until no residual pressure
was observed on the manometer M2. Throughout this
process the oxygen pressure was manually adjusted to
maintain the pressure at just above the stoichimetric
requirement. The final pressure in H was of the order
of 3 cms. of which the greater part was contributed by
the water vapour in the vessel. The vessel H now con-
tained all the helium together with a residual pressure
of oxygen, water vapour, and traces of unburnt hydrogen.

The trap I was then surrounded with liquid nitro-
gen, the tap T8 opened, and the gases transferred by
means of the Toevnler pump J to the next section of the
apparatus via the tap T5, this next section being the
circulating system. This process was continued until
no residual pressure was observed on the manometer MS’
the water vapour in H having been condensed in the trap
I. With the Toepler pump J raised, oxygen is admitted
to the vessel H to a pressure of 1 cm. and the trap I
is surrounded with warm water thus vapourising the

water condensed there and freeing any dissolved helium.

The trap was once more surrounded with liquid nitrogen,
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and the gases in H transferred to the circulating
system as before. This process was repeated three
times to ensure that all the helium was transferred
to the next section of the apparatus.

The methoq Just described was found to be satis~
factory for samples of beryllium yielding from 500 ccs.
to 2 litres of hydrogen, but for smaller samples the
method was unwieldy in practice. Indeed as experience
of helium analysis was aquired the method was found to
be unnecessarily complicated and was later abandoned
even in cases where the hydrogen production was as much
as 6 to 7 litres., With such large volumes the apparat-
us became more difficult to operate. In the apparatus
described by Glﬁeckauf (@) the dissolving vessel is
exposed to the charcoal reservoir via a trap cooled in
liquid nitrogen, no non-return system being included
as at K in figure 3. Under such conditions it is not
possible, in the writers opinion, to ensure a guantitat-
ive transfer of helium since there willlbe exposed to
the charcoal the large volume of the flask. The non-
return valve K was included to remove the possibility
of non-quantitative transfer, but there are difficult-
ies associated with this when large volumes of hydrogen
are to be handled. With large volumes of hydrogen a
large equilibrium pressure is built up on the charcoal,

this in turn means that the flask can only be emptied
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to that pressure, and hence the dissolving cannot be
completed in one stage. This considerably lengthens
the time required for an analysis. The difficulty
could presumeably be removed by increasing the quant-
ity of charcoal in the bulb E, but with 90 grams of
chafcoal in the bulb little improvement was observed.
Any further increase in the quantity of charcoal above
this level increases the difficulty of de-gassing.
There also arises the possibility of helium retention
on charcoal observed by Wardle (111), a phenomenon
which seems to depend on the source of the charcoal.
The results obtained when only 30 grams of charcoal
were used are in agreement with other measurements
performed by a different method, and retention of
helium is not suspected in this case.l However, in
making up the charcoal to 90 grams it was not possible
to use the same matetrial, and helium retention was
suspected although the method was rejected before this
observation could be confirmed.

A further difficulty observed in handling larger
volumes of hydrogen was that after about three litres
of hydrogen had been burnt the reaction became much
slower, and the flame disappeared completely. During
such times the glow of the platinum spiral was exting-
uished, and in some cases an hour or more was required

before conditions necessary to continue the burning
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were attained. This was assumed to arise from the
accumulation of nitrogen or argon (from the oxygen) in
the burning vessel - the trouble did not arise with
oxygen obtained by a commercial electrolytic process.

Method 11,

This method was applied to small samples of mass
approximately 50 milligrams. The apparatus, shown in
figure 16, consists of a four-necked 500 ccs. flask
containing 100 ccs. of a 20% agueous solution of sul-
Phuric acid nearly saturated with potassium persulphate.
One of the necks is not shown in the figure. The neck
B carries a heating coil of platinum tape D sealed into
a B-14 sdda glass cone which fits into B. The neck C
carries another cone joint E having three side~arms
distributed as shown in figure 16, these small side-
arms carrying samples of beryllium. The construction
is the same for the fourth side-arm not shown in the
figure. Two electrodes of platinum foil are sealed
into the base of the flask.

The taps Tl’ T2, and T5 are opened and the flask
evacuated through the main vacuum line, after which
the tap T5 is closed. The solution is electrolysed,
the current being adjusted to give a rapid stream of
bubbles, until the pressure inside the flask is about
1 cm. of mercury on the manometer M. The electrolysis

is then stopped, and the flask once more evacuated



FIGURE 16.

Beryllium dissolving vessel.

(Method II).
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through Ts. This is repeated six times at the end of
which the solution is completely de-~-aerated. Tl and

T5 are then closed. From a knowledge of the dimensions
of the flask and the mass of beryllium to be dissolved,
the pressure of oxygen required for complete combustion
of the hydrogen evolved on acid-dissolution of the met-
al, can be calculated. This bressure of oxygen can
then be admitted to the flask through the tap T2 and
the valve 0. The flask is then immersed in the water- |
bath W to the level indicated in the figure, and the
platinum heating spiral switched on, the current being
adjusted so that a bright red glow is produced.

The sample-holder E is rotated to allow a saﬁple
of beryllium to fall into the solvent, and the hydrogen
produced burns quietly, the flame, visible in a darkened
room, being confined to the region around the glowing
spiral. This continues until hydrogen is no longer
evolved. The trap F is filled with liquid nitrogen,
and the tap T5 is opened. '1‘5 is then'opened to allow
the residual gas to be transferred to the circulating
system, T5 then being closed. T4 is closed, and pure
oxygen is bubbled through the solution via the valve
O and tap T2, until a pressure of 1 cm. is observed
in the flask by means of the manometer M. The oxygen
supply is then cut off, and T5 again opened to transfer

the gas to the circulating system. Water is condensed
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out by the trap F. This process is repeated six times

to ensure quantitative transfer of the helium to the
circulating system. Thetap T5 is then closed, and the
heater D switched off.

The sample-holder E is constructed with several
side~arms so that a number of samples can be analysed
without opening the flask to the atmosphere. Samples
of un~-irradiated beryllium are included in practice
to perform the blank analyses necessary to check the
working of the apparatus. The use of this method en-
abled analyses to be performed rapidly. Although the
method used only small samples, it can readily be app-
lied to larger samples, as the following method, app-
lied to samples of mass approximately six grams, will
show,

Method 111,

The apparatus is shown in figure 17, the main
reaction vessel consisting of a cylindrical flask A
of 2 litres overall capacity, and fitted with three
side-arms in addition to the main neck. The side~arm
B is fitted with a long arm D, and contains the bery-
1lium sample in a platinum éage C which is attached
to the iron slug E by means of a thin platinum wire.
The arm F carries the platinum heating coil & as des-
cribed in method 11, the coil being situated just

above the surface of the solvent. A water~-bath W



FIGURE 17.

Beryllium digsolving vessel.

(Method III).
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surrounds the main body of the flask.

For approximately 6 grams of beryllium the solvent
consists of 1 litre of a nearly saturated solution of
potassium cupric chloride. This reagent reduces the
hydrogen yield to about 1 litre/gram of beryllium, as
compared to 2°5 litres/gram with sulphuric acid. It
is desirable to 1limit the hydrogen production so as
to allow a less stringent tolerance level of helium
impurity in the purified oxygen required to burn the
hydrogen. The method to be described could handle
much larger quantities of hydrogen were it not for
this limitation. The quantity of solvent used is in
excess of that required for complete solution of the
beryllium for the following reason. During the dissol-
ution of the beryllium the metal becomes coated with a
layer of deposited copper which retards the rate of
solution, often to such an extent that solution of the
beryllium ceases. This can be avoided by using a large
excess of solvent.

The taps Tl, Ts, and T4 are opened and the flask
evacuated through the main wvacuum line, T5 then being
closed. It is not possible to de-aerate the potassium
cupric chloride solution by electrolysis since chlorine
is evolved during this process, and this is an undesir-
able material to handle in a vacuum apparatus of this

type. The solution was therefore de-aerated by flush-
ing
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the solution several times with pure oxygen, in the
following manner. The tap T4 is closed, and pure oxy-
gen 1is passed into the flask visa mz and the valve O,
until a pressure of about 3 cms. is recorded on the
manometer M., This gas is then pumped away through the
high vacuum line via the tap Ts, the flask remaining
open to the pumps for about 1 minute before T3 is closed.
It was found experimentally that this process should
be repeated 15 times in order to ensure complete de-
aeration, and in practice this was extended to 20 times
in order to be quite sure that all helium and neon had
been removed. On the final flushing the tap T4 was
opened before pumping out the oxygen, after which T5
was closed.

The tap T2 is opened, and the flask filled with
oxygen to the limiting pressure of about 12 cms. deter-—
mined by the vapour pressure of ligquid oxygen in the
reservoir. The heating coil is switched on, and the
beryllium sample lowered into the solvent by moving
the iron slug E. When the first of the hydrogen is
burnt the flame extends to the walls of the flask A,
but this rapifily diminishes and the flame is confined
to the region of the platinum spiral, and its size
can be controlled by regulating the depth of immersion
of the sample. More oxygen is automatically added

to make up for that used, the pressure in the flask
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being regulated by the vapour bressure of the liquid

oxygen in the reservoir. With experience the burning
can be controlled without explosive conditions being
attained. When only a little beryllium remains T, is
closed to cut off the oxygen supply. At this Juncture
the manometer M is observed continuously in order to
follow the progress of the reaction, the reading de-
creasing as oxygen is used up until a small residual
bressure is attained, Oxygen is then added, by manual
operétion of the tap Tg, in small quantities until the
burning is complete. With practice it is possible to
end up with a pressure of 2 to 3 cms. of which the
greater part is contributed by the water vapour press-
ure of the solution. The heater G is then switched off.

The trap H is filled with liquid nitrogen, the tap
Tl closed and T5 opened. TS is then opened to allow
the gas to bass on to the circulating system, water
being removed by the trap H. 'I'5 and T4 are then closed
and oxygen is passed into the flask to a bPressure of
about 1 em. This gas is then transferred to the circ-
ulating system via T5. The sodution is flushed in this
manner a total of five times when all the helium has
been transferred to the circulating system, this being
checked by a subsequent flushing of the solution and
examination of the flushing gas for helium,

The three proceedures outlined for the extraction
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of helium from beryllium all result in the helium
being collected in the circulating system, the helium
being in admixture with a large excess of oxygen and
traces of hydrogen. It is important in the method
used for the final analysis of the helium that all
traces of hydrogen are removed, and this is performed
in the circulating system which will now be described.
V, 4. The circulating system.

In this system the mixture of helium, excess of
oxygen, and traces of unburnt hydrogen, is passed over
heated palladium which catalyses-the combustion of
hydrogen and oxygen to water. The gases: are circul-
ated around the closed circuit by means of the pump
¢ (figure 18), the intermittent action of the solenoid
causing the close fitting iron slug, which is contained
in.a soda-glass envelope, to rise and fall, and this,
together with the action of the two ball-valves B5 and
B4, allows gas to circulate in the system. The gas is
thus caused to pass over heated palladium in the furn-
ace C, the detailed design of which has been described
by Paneth and his collaborators (108). The design of
the present method of removing trace quantities of
hydrogen is due to Chackett and collaborators (102).

The system is rigorously evacuated through the
ventils Vi and Vé with the taps T2 and T5 open, the
charcoal in the U-tube B being baked at 250°C during



FIGURE 18,

The circulat ing system.
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this evacuation. When the system is evacuated the taps
T2 and TS are closed and the ventil Vé raised. The
ventii Vi is raised only to such height as to close
the U-tube at its lower end. The tap Tb which is the
same as T5 in figures 15, 16, and 17, is opened and
the charcoal bulb B is immersed in liquid nitrogen. As
gas 1s transferred from the helium extraction systems
via T5 it forces its way past the mercury in the ventil
Vi, and is condensed on the charcoal in B. The several
quantities of gas which are transferred from the helium
extraction systems in order to ensure quantitative trans-
fer of helium, serve to sweep out the intervening tubes.
The ventil Vi acts as a non-return valve., When all the
gas has been transferred the ventil Vl is closed. The
-helium, together with excess of oxygen and traces of
hydrogen, is now éonfined in the circulating system.

Liquid nitrogen is bPlaced around the trap D, and
the bulb B is allowed to warm up to room temperature
the gas pressure in the system rising as it is released
from the charcoal. 1In the case of extraction methods
I and II the final pressure attained is about 3 to 4
cms. but is greater in III being of the order of 15 cms.
Tap T, is opened, and the solenoid around’ the ventil F
is activated to raise the stopper. The palladium fur-
nace 1s switched on, and the current adjusted so that

the 'Nichrome' tape winding glows at a dull red heat.
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The outer jacket of the furnace is immersed in water
to cool the system. The gas is circulsted by means
of the pump G. For éxtraction methods I and II the
circulation of the gas is continued-for about thirty
minutes, but in III this is lengthened to 2 hours.
Water is condensed out in the trap D. When the hydro-
gen has been removed the palladium furnace, and the
pump G are switched off. The system now contains hel-
ium with a large excess of oxygen.

Before the helium can be measured it must be sep~-
arated from the excess of oxygen, andfor this purpose
the method adopted by Glueckauf (106) for the separation
of the helium and neon in atmospheric air is used. The
design of the present system is due to Chackett (102),
and although somewhat more complicated than should be
necessary for the separation of helium from oxygen it
is used in this work in order to check that no air
leaks have occured during the previous operations. An
air leak would be indicated by the pressure of neon in
the gas mixture, and in practice this was always looked
for after the measurement of the helium. Although the
fractionating column has been described, a brief account
1s included here for the sake of completeness.

V. 5. The fractionating columm,
The method developed by Glueckauf (105) for the

quantitative separation of the helium and neon in air
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depends upon the fractional adsorption of the gases

on charcoal cooled in liquid nitrogen. A single ad-
sorption unit consists of a quantity S of solid ad-
sorbent in contact with a vessel of volume V. At

equilibrium the distribution factor 'a', defined by

1 _
* T T a(s/V) (1)

gives the fraction of the iniﬁial material in the gas
phese, and is a characteristic of the gas whose adsorp~
tion coefficient is a. When a mixture of gases is pres-
ent in the adsorption unit, the equilibrium distribution
of the gases wiil be dependent upon the distribution
factors of the gases, which in turn depend upon the rel-
ative values of S and V. There is an implicit limita-
tion to linear adsorption isotherms, and gas mixtures
with no mutual interference. With the condition that
the best separation of two gases may be considered ach-
ieved.when a maximum proportion of one of the gases
would have to be transferred to the other phase in order
to produce equai ratios of the two gases in both phases,
Giueckauf shows that for optimum separation the dist-

ribution factors are simply related as

a + b = 1 (2)

~When a series of adsorption units is used the gas-

eous phase is transported from one adsorption unit to
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the next. The adsorbent of the first stage is then
again connected with an evacuated space, and the ad-
sorption equilibrium re-established with the gas in-~
itially adsorbed. This process is repeated, the gas
from any one stage being combined with the adsorbent

of the next. The gas from the final stage is collected
in a storage vessel. Glueckauf has calculated the am-
ounts of material in the various units 'm' and stages
'n' of the fractionation brocess, deriving the follow-

ing general expressions :

(n - 1)¢
8@ = Aoy Q- 2E ()

(n - 1)¢
%m(s) = Ao T )T = m)s 2

(mpl)(l _ a)(nrmwl) (4)

where Ao is the initial quantity of gas, Aﬁ(g) is the
amount of gas in the gaseous phase, and Ag(s) is the
amount adsorbed in the mth unit after n operations. For

a system of 'm!' units the amount of gas A, As’ transferred
to the storage vessel after 'n! fractionation processes

is

Ag = By + Mg + Mo+ + & (5)

the summation beginning with the mth brocess since na

gas is delivered to the storage vessel until this oper-

ation. The amount remaining, Ar’ in the system is
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m .M m
p = Ap1 t Anso t+ + Ay (6)

Similar expressions are valid for another gas B.
During the course of the fractionation of two sub-
stances A and B, the successive fractions delivered to

the storsge vessel Fx will be given by
m
Fy = & + By (7)
the total amount of gas in the storage vessel ZFx is

P, = As(x) + Bs(x) (8)

In the course of the process both the quantities Am,

Bm, go through maxima, this being illustrated in figure
22 which shows an experimental curve obtained for the
fractionation of the helium and neon in a sample of air.
Figure 22 is drawn as a continuous curve, but in reality,
- by the nature of the process, it is a step function .

It can be seen from equation 8 that the gas accum-
ulating in the storagé'vessel is a mixture of the two
components. @lueckauf considers the question of the
number x of fractionations required to give an optimum
degree of separation. If the fractionation is cut off
too early the gas in the storage vessel will be of a
high degree of purity, but as the fractionation contin-
ued an increasing amount of the component with the high-

er adsorption coefficient will Dbe collected. A state
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6f separation is required in which AS together with
the contamination Bs represents as nearly as possible
the initial quantity of the gas A. The fractioqation
number n is deduced approximately as

log %t

n=2m—l+1_oF_T (9)
l-a

and it can be seen that if A and B are present in nearly |
equal quantities the number of fractionations is approx-
imately twice the number of adsorption units, irrespect-
ive of the adsorption factors of the two gases. The |
ratio of two successive fractions of gas from the mth

adsorption unit 1s, from equation (3), given by

m
f%il = n (1-2a) = 2z(1- a) (10)
An n-m+1

where for the optimum number of fractionations given
by (9) the value of z is 2. an expression is also de-
duced for the degree of purity of the separated products
as a function of the adsorption factors, the number of
adsorption units, and the fractionation number.

The expressions deduced above are applicable to
an ideal fractionation system,'in which all the adsorp-
tion units are identical. In practice this is difficult,
if not impossible, to achieve; and the number of onerat-
ions for optimum separation together with the purity of

the separated product is best determined by experiment.
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The design of apparatus used in the present work is
due to Chackett (102), and comprises 15 adsorption units.
The construction of the fractionating system is shown
in figure 19, the adsorption units being indicated.

Each unit consists of a chartoal bulb (Cn) connected

to a vessel (A ) which is in turn connected to a second
vessel (Bn). The.bulb C, contains 1 gram of coconut
charcoal as adsorbent. The mixture of gases to be anal-
ysed is condensed on the charcoal which is cooled to

the temperature of liquid nitrogen, the set of bulbs,
A, B, being filled with mercury to the level indicated
by the horizontal dotted line 1. The sets of bulbs are
supplied with mercury from two separate reservoirs not
shown in figure 19. When the mercury in the bulbs An

1s lowered to the level indicated by the horizontal
détted line 2, there is exposed to the adsorbent Cn

the volumes An’ and the adsorption equilibrium is set
up. The mercury is then raised, the acpion of the cut-
off tubes preventing the gaseous phase from being re-
turned to the adsorbent. As the mercury rises.in the
buldb Ah, that in the bulb Bn is lowered to the level

2 and the gas enters the volume space provided by the
operation. The mercury in Bn is then raided, the action
of the cut-off allowing the gas to be transferred to

the adsorbent Cn+1' The set of bulbs B thus act as

Toepler pumps. The end fractions from unit 15 are
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collected in the storage vessel E, after passing the
U-tube D. At the end of a pre-determined set of oper-
ations, an operation being considered as the transfer
of gas from one unit to the next, the fractionation is
stopped, and the accumulated gas can then be measured.
This is done by raising the mercury in the storage
vessel E, thus compressing the gas into the space de-

fined by the ball-valve V5, and the taps T, and T,,

S 4
the gas being then measured by admitting it into the
Pirani guage system via T4,

The function of the fractionating system being out-
lined, the discussion of final stages of the determin-
ation of helium in beryllium cah be compléted.

The fractionating colum is first rigorously evac-
uated through the tap T, (figure 19), and the charcoal
in the bulbs Cn baked at 250°C for half an hour to re-
move adsorbed gases and activate the charcoal. VWhen a
hard vacuum has been attained, indicated by means of
a McLeod guage, the mercury is raised in the column to
the level indicated by the horizontal dotted line 1.
When the mercury is in this position it will be observ-
ed that only the charcoal bulb Cl is exposed to the
tap Tl' The charcoal bulbs are then immersed in liquid
nitrogen, and the mixture of oxygen and helium present

in the circulating system may now be transferred to

the fractionating column.



FIGURE 19,

The fractionating column.
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For helium extraction methods I and II the whole
of the gas in the circulating system is transferred
to the first bulbd Cl’ the amount of gas being compar-
atively small, and readily accomodated on the charcoal.
The proceedure is as follows. The mercury in the Toepler
pump E (figure 18) is raised to the cut-off point with
the tap T4 closed. The solenoid F is switched on to
raise the ventil, and the tap 'I'1 carefully opened to
allow the gas contact with the charcoal C1 of the frac-—
tionating column. This operation must be performed
very carefully at this stage as a sudden flow of gas
into the colum may be sufficient to depress the mercury
level in the cut-off tube to such an extent that gas
passes into the bulb Al' Apart from upsetting the sep-
aration process, the violent movement of mercury may
easily fracture the delicate structure of the column.
The mercury in the Toepler pump E will begin to rise
as gas is adsorbed on the charcoal and at this point
the mercury in the pump may be slowly raised by open-
ing the tap H slowly to the atmosphere. When the mer-
cury reaches the ball-valve B2, the tap Tl is closed
and T4 opened. The mercury is then lowered in E Dby
opening H to the secondary vacuum line. This proceed-
ure is adopted to avoid violent bubbling of gas from
the circulating system into E, which would be under

vacuum if T4 were not opened. The ball-valves B5 and
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B4 should be held open with a magnet to allow free flow
of gas through T4. |

The tap T4 is again closed and the Toepler pump
raised as before, Tl being carefully opened to admit
gas to charcqal Cl of the column, and then T1 is again
closed. The mercury in E is lowered with the solenoid
F switched off so that a mercury seal is made at the
ventil, thus preventing gas from flowing back into the
circulating system. The Toepler pump is then operated
a further five times, Tl being opened after each stroke
to admit the gas to Cl. This proceedure serves to trans-
fer the helium quantitatively to the charcoal Cl. At
the end of the final Toepler stroke, the mercury is
raisedto the ball-valve Bz, and thé tap Tl is dpened.
Tl remains open throughout the rest of the proceedure.

When the extraction method III is used this pro-
ceedure must be modified since the final volume remain-
ing in the circulating system is too much to accomod-
ate on the charcoal Cl. Accordingly, after the remov-
al of traces of hydrogen, the bulb B (figure 18) is
again surrounded with liquid nitrogen to condense the
oxygen. Tap '1'4 is then closed, and the mercury in B
raised to the ball-valve Bg. The tap Tl is opened to
admit the gas to the first charcoal bulb, and may re-

main open. The mercury in E is lowered, and the ventil

V closes forming a gas-tight seal. After allowing about
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30 seconds for the gas in the circulating system to

come to equilibrium, the Toepler pump is again raised

to B2. It was found experimentally, using an air sample
analysis, that some 15 operations of the Toepler pump

in this manner, served to quantitatively transfer the
helium and neon to the column.

After allowing ten minutes for the heat of adsorp-
tion of the gas on the charcoal to be dissipated - the
temperature of the adsorbent being an important para-—
meter in the adsorption equilibrium -~ the column is op-
erated by alternately lowering and raising the mercury
in the sets of bulbs A and B. In this particular system
the mercury levels are automatically altered by a system
of electrically operated gas valves. At the end of 15
operations, the column is stopped and the mercury in
the bulb E (figure 19) is raised to the ball-valve Vae
The tap T4 is then opened, and the deflection of the
galvanometer in the electrical system of the Pirani
guages observed. No deflection should be observed. T5
is then opened to the high vacuum line, and the galvan-
ometer again observed. No deflection should be observ-
ed since no gas is delivered to the storage vessel
during the first 15 operations of the colum. The taps
T5 and T4 are then closed and the mercury in the stor-
age vessel E is lowered. Should a deflection be observ-

ed after 15 operations of the columm the run must be
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rejected, the column not having been completely freed
of adsorbed gases during the pumping period. More will
be said on this point later.

The column is then operated for a further 21 op-
erations at the end of which the gas is transferred to
the Pirani guage system as before. During these 21
operations the liquid nitrogen is successively removed
from charcoal bulbs 05 to 015, in order to facilitate
the removal of any neon present. Cl and C2 remain imm-
ersed to hold back oxygen. Reference to figure 22 will
show that some 80 further operations would be required
to quantitatively remove neon from the columm with the
charcoal at liquid nitrogen temperature. Since helium
is quantitatively removed after 36 operations, C5 could
be allowed to warm up after operation 25, C4 at operation
26 and so on. For practical convenience the charcoal
bulbs are immersed in liquid nitrogen in batches of 4.
Thus 01’2’5,4, are together, as also 65,6,7,8’ 09’10,11’12’

and finally C The charcosal is lowered from

15,14,15°
~around the first set after operation 26, Cl and 02 being
constructed so that they can be separately immersed,
whilst C5 and 04 are allowed to warm up. 05,6,7,8’
are allowed to warm up after operation 30, and so on.

Barlier work on this apparatus has shown that neon
is quantitatively transferred to the storage vessel

after 61 operations of the colummn, i.e. 25 operations
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after the removal of the helium, under the conditions
given (61). The gas in the storage vessel is then trans-
ferred to the Pirani gauge system as before.

At the end of a complete determination, the mercury
~is lowered in the column, the system then being opened
to the main vacuum line. The liquid nitrogen is removed
from Cl and the oxygen thus released is pumped away. The
charcoal is then baked in preparation for the next run.
V. 6, The Pirani Gauges.

The Pirani type of pressure gauge has been used for
the measurement of micro-quantities of helium by sever-
al workers, many different designs being used (55,102,112).
One of the major difficulties with this type of gauge
is the problem of 'drift', the term being used to des-
cribe the movement of the zero of the recording device,
€.8., a galvanometer needle, with time. ILittle is known
of the reason for this phenomenon, but during the course
of this work it was suspected to be due to small thermo-
e.m.£'s produced by temperature differences in the bi-
metal junctions present in the system. The present
gauge was therefore designed to minimise these temper-
ature differences, the elimination of the bi-metal junct-
ions not being practical.

The design of the Pirani gauge is shown in figure
20. Two tungsten wires (0°lmm. diameter) are sealed

through the glass envelope by means of a 'pinch' seal.



FIGURE 20.

The Pirani Gauge.
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A piece or tungsten wire in the form or a short spring
is also sealed into the pinch. The three wires are
formed into hooks at their ends,_as near the pinch as
bracticable. An 8 cm. glass rod sealed to the pinch
Tuns axially down the glass envelope, being fashioned
into two hooks at its free end. A length of nickel
tape (30cms x 0°05mm X 0°008mm. ) is stretched on the
frame, provided by the 3 tungsten hooks and two glass
hooks, in the form.of a 'W', the nickel tape being
soldered to the two outer tungsten hooks, Before sold-
ering, the tape is tensioned by suspending 5 gram weights
from its free ends. The tape is put under tension since
it was founa that this improves the stability of the
gauge,
The glass eénvelope is made of 'Pyrex! glass in
order to make the pinch seal to tungsten, the volume
of the eénvelope being made as small as possible to in~
crease the sensitivity of detection., A similar system
was constructed completely in sodg glass using platinum
“ﬁhrough seals, but this would not stand immersion in
~liquid nitrogen. Although 'Pyrex' is bermeable to hel-
~f;ium, no build-up of gas was observed in the Pirani system
during operation, brobably because the diffusion through
the glass ig very much slower at. liquid nitrogen temp-
eratures, |

Two Pirani gauges are used in Practice, one being



ides a compensating arm in the Wheatstone bridge net-
work used. The range of sensitivity enabled measure-
ments to be made in the range from about 10™° to 10™% ces.,
of helium,

The Piranis are mounted on the apparatus as ind-
icated in figure 19, the byrex to soda Joint being ind-
icated by a Blo cone and socket sealed with 'Apiezon W'
waé. The whole of the system is immersed in liquid
nitrogen to about 2 cms, below the waxed joints, The
operation is gg follows,

The Pirani's are opened to the high vacuum system
via T5’4,5, the charcoal in the U-bend being baked with
a small flame at intervals. The charcoal is included
to mop up gases released into the system vig the tap
grease. iihen g hard vacuum is attained the taps are
closed, and g botential of 1 volt applied across the
bridge., a potential differsnce of 1 volt is chosen to
maintain the wire at approkimately room temperature when
the Pirani is immersed in liquia nitrogen, thus avoid-
ing large changes in the mechanical condition of the
wire. As soon as the potential is applied across the
bridge, the Pirani system is immersed in liquid nitro-
gen to é.level Just below the Dewar seals, Five to ten
minutes isg allowed to cool the pinch seals slowly before

complete immersion in liquig nitrogen, 4 beriod of two
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hours is then Tequired to bring the Pirani's 4o g
steady state before measurement can be made,

With this system the drift was considerably reduc-
ed compared to that observed with anothep system (102).
Measurementg are made by observing the galvanometer
Spot and recording its position at half-minute inter-
vals until steady conditionsg are assured. The admission
of the gas to the Pirani gauge vig T4 cools the nickel
wire thus changing its resistance and the out of bal-
ance current produced in the galvanometer ig recorded.
The gas is then Dumped away vig I",5 and the balance is
restored, Readings of the Dosition of the galvanometer
spot are taken at half-minute intervals during the Pro-
cess, the deflection Produced being determined graph-
ically. The mean of the 'in' and 'out' deflections
is taken as the true deflection,

The Pirani gauge is then calibrated by admitting
a known amount of the same gas and recording the de-
flection rpoduced, this known amount or gas being meas-
ured in a gas DPipetting system, the design of whichis
due to Chackett (102). From the ratio of the deflect-
ions and the known amount of gas, the unknown amount
is determineq by simple Proportion,
Y. 7. _The Pipetting System,

This system is designea to deliver an accurately

known volume of gas to the Pirani gauge, the volumes
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being in the range from 10_7 to 10-3 ccs. The design
of the system is shown in figure 21.

The system is rigorously evacuated by opening it
to the main vacuum iine through T7, the pressure being
observed in the McLeod'gauge E. The mercury in the
columns A1 and A2 is then raised to the etch marks
Fl and F2 the tap T7 being closed. Tl is opened to ad-
mit a small pressure of helium to the bulb Hl’ Tl being
then closed. T2 is opened to the bulb Hl énd then closed,
thus confining a portion of the helium into the tube
between T2 and Ts. The tap T5 is then opened to admit
this gas into the system. The mercury in the McLeod
gauge E is raised, the level being brought to one of
a number of etch marks, each marking accurately known
volumes, on the closed limb of the gauge. Tap T7 is
then opened and the gas in the remainder of the system
pumped away. The difference in the level of mercury
in the two limbs of the gauge 1s then measured, and a
correction applied for capilliary depression. The temp-
erature of the system is measured, and the quantity of
gas in the system can then be determined.

Tap T8 is closed, and the mercury lowered in the
gauge to the etch mark G. The volume of the McLeod
gauge and connecting tubes to the etch mark F2 is

accurately known. The mercury in 02 is then raised

to cut off a portion of the gas in the volume B2



FIGURE 21,

The pipetting system.
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which is accurately inown. The level of the mercury
is lowered in A2 to a definite mark, and the gas con-
fined in B2 expanded into D, the volume of this system
to the eteh mark being known. Mercury in Cl is then
raised to cut off a known fraction of this gas in the
bipette Bl' Lowering the mercury in Al allows. this gas
to be expanded into the storage vessel E (figure 19),
from which it can be transferred to the Plrani gauge.
The mercury in A1 is then returneq to the level Fl
and by lowering C1 another quantity of gas can be meag-
ured, and again transferred to the Pirani gauge. This
volume will be smaller but the correction factor can
be determined from the known volume of the system. A
second measurement is always made in Practice to check
on the working of the measuring system.

Small samples of neon can also be transferred to
the Pirani gauge from the neon reserveir in the same
manner,

V. 8. The Fractionation Calibration:-

In the earlier discussion of the fractionating
colum it was pointed out that the equations were de-
rived for an ideal column in which all adsorption units
were identical., This situation does not obtain in prac-
tice and the column characteristics were determined by
exXperiment.

A small sample of aip (approximately lcc at N.T.P.)
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is put onto the charcoal Cy (figure 19), and the column
operated in the manner described. After the first 15
operations have been completed, the succeeding oper-
ations are performed singly, the gas collecting in the
storage vessel after each operation being transferred
to the Pirani gauge and the deflection observed. In
this way the experimental curve of figure 22 has been
obtained, and this shows a well defined helium péak,
followed by a flatter neon peak.

The adsorption factor of each gas can then be
determined using equation 10, the resulting factors
being a characteristic of the column. Using these ad-
sorption factors it is then possible to calculate the
shape of each individual curve of which figure 22 is
compounded. The calculated curve is shown as a dotted

line. The adsorption factors obtained are,

Helium a = 0°*606
Neon P = 0°220
i.e. a+b = 0*°826

the result indicating that the optimum separation con-

dition expressed in equation 2 is not fully realised.
Graphical integration of figure 22 reveals that

for an air sample the error introduced by stopping the

helium fractionation at operation 36 is less than 0°2%.

When no neon is present the error introduced in stopping

the helium fractionation at operation 36 is asbout 0*8%.



FIGURE 22.

Helium - Neon separation curve,
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Thus a correction of 0°8% should be added to the
helium observed from the dissolution of beryllium, a
case in which no neon is observed.

Alr sample analyses are conducted at regular int-
ervals as a check on the correct working of the appara-
tus. The proceedure and results of these analyses will
now be discussed,

V. 9. Alr Analyses,

An air pipette of the type shown in figure 23a is
fitted to the apparatus at X (figure 15) by means of
and T, are

2 3
opened to allow air to be admitted, the air being

a BlO cone and socket Joint. Th&é taps T

dried by the magnesium perchlorate packed in the tube.
The temperature of the room and the atmospheric press-
ure are observed, and T2 is closed. Tl is then opened
to the épparatus, and the sample of air is transferred
to the circulating system using the Toepler punp J
(figure 15), the ventil v, (figure 18) being open.
The Toepler pump E (figure 18) is then used to trans-
fer the sample to charcoal Cl of the column, and the
analysis performed as described earlier,

The result of eleven air analyses performed at
intervals during the course of this work are given.
(see table XV.) The mean of these results together

with their standard deviations is,



Helium

Neon

5279
1839

i+
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0°006 x 10~° ces/cc. of dry air.

* o008 x 1079 ccs/ce. of dry air.

These results are in good agreement with those of

Reasbeck (61) obtained with the same apparatus, i.e.,

Helium = 5°285 £ 0°010 x 10~C ccs/cc. of dry air.
Neon = 18+23 ¥ 04020 «x 10'6 ces/ce. of dry air®
TABLE XV, AIR ANALYSES,
Helium/cc. of air Neon /cc. of air
(ces. x 10° (ces. x 10°
1 5°272 1842
2 5+281 18+38
3 5293 18°45
4 5+278 18+28
5 b*282 18+36
6 5*269 1852
7 5+288 1830
8 5276 1826
9 5274 18*37
10 5278 18°41
11 5°285 18°29

The result for neon obtained in the present work is
however somewhat higher than that obtained by Reasbeck.

This cannot be due to systematic errors arising in the

callbration of the air pipette since the result for

helium is in close agreement, within the standard errors,

with that of Reasbeck. However if the error is gquoted

as two standard deviations the results are in agreement.

The air analysis results may be compared with those of



FIGURE 23,

(2) The air pivette.

(b) Air trap for fractionating column,
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earlier workers given in Table XVI.

TABLE XVI.

R e

Helium/cc.of air Neon/cc.of air

(ces. x 10%) (ccs. x 10°)
Ramsay  (1905) 4*0 12+3
Claude  (1909) 5 15
Watson  (1910) 54 18°2
Glueckauf(1944) 5°24 ¥ 003 -
Glueckauf(1945) 5°239 I 0+004 18°21 ¥ 004

Y. 10, Concluding Remarks,

In V. 5 it was pointed out that no deflection X
of the Pirani gauges should be observed for the first
15 operations of the column, but in practice a residual
deflection was observed when the measuring system was
used on its most sensitive range. An attempt was made
to find the source of this residual deflection with a
view to removing its cause; the apparatus used in hel-
ium extraction method I was in use at the time.

It was at first suspected that the residual de~
flection arose from mechanical vibration of the Pirani
gauges on opening the admission tap, but this was checked
by observing the galvanometer spot whilst opening and
closing the tap. No discontinuity in the drift was
observed. The whole apparatus, after pumping out in
the normal manner prior to a helium determination, was

operated without any gas in the system, the results of
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this being shown in Table XVII, Nos. 1 and 2. The
column alone was then operated after bPreliminary
baking, the results are given Table XVII, Nos. 3 and
4., The average Pirani sensitivity on the measuring

range used was 5 x .'LO"9 c¢es. of helium/cm deflection.

TABLE XVIT.

Column Operations.

1 - 15 16 - 36 37 - 61

1 O*24cms. 0*57 -
2 0*15 0*50 0+*60
3 0+29 0*44 0*70
4 0+13 042 052
Mean 020 0°48 0*61
Helium
equigglent 10 25 3°0

x 10 CCS.,

It was observed that small bubbles of gas had
collected on the column at the bositions Ga and Gb
(figure 19). These bubbles were only visible when
the mercury in the column was lowered, and it was
suspected that these were bubbles of air entrained
with the mercury of the columm reservoirs. It will
be noted that if air is entrained in this way 1t has
ready access to the storage vessel E by way of the

U-branch D, This explanation of the residual
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deflection is all the more credible in view of the
rough proportionality between the observed deflection
and the number of column operations shown in Table XVII.
An attempt was therefore made to remove this effect
by providing an air trap (figure 23b) in the lead from
the mercury reservoir to the column. The air trap
depends for its action on the observation that mercury
'‘wets' platinum so that an air tight seal should be
provided by a rlatinum-mercury interface, so that any
ailr entrained between mercury and glass should collect
around the internal seal. After this was installed
an improvement was noted in the residual deflection
but after some weeks the value of the deflection became
the same as before and the bubbles on the column re-
appeared. It was therefore decided to operate the col-
umn using carbon dioxide at atmoépheric pressure, the
carbon dioxidé being supplied from a cylinder of the
liquid, it being considered that this should be sub-
stantially helium-free. This system brought some im-
brovement, the fact that the residual deflemtion was
not completely removed may be due to the possibility
that some air was still entrained and that some time
would be required before this could be completely
replaced by carbon dioxide.

The residual deflection observed can be neglécted

for most of the measurements described in this work
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being less than 1% of the total helium, but it does
set a 1limit to the detection of helium.
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CHAPTER VI.

THE ESTIMATION OF TRITIUM IN BERYLLIUM.

VI. 1. Introduction.

For reasons given elsewhere in this work a method
was developed for the estimation of tritium produced
in metallic beryllium on irradiation with neutrons.
With the neutron fluxes available it was estimated that
continuous irradiation of beryllium for one month would
produce an estimated 4 x 10"9 ccs. of tritium/gram of
beryllium. This gquantity would be difficult to extract
and measure by gas volumetric methods, but tritium is
readily measured in such quantity by virtue of its
B-radicactivity, the volume given above being approx-
imately equivalent to 10* disintegration/minute. How-
ever, quantities of beryllium of the order of 1 gram
were inconveniently large for the method developed,
and in practice 100 milligrams samples were analysed,
hence only 103 disintegration/minute were to be expect-
ed. It was therefore essential that the bulk of this

material should be counted in order to ensure reasonable
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statistical accuracy.

The method consists in attacking the beryllium
in vacuo with bromine vapour to convert the beryllium
to the bromide, the tritium relessed reacting with the
bromine to form tritium bromide. A small amount of
hydrogen bromide was present to act as carrier for the
tritium bromide. The excess of bromine is then removed
by admitting mercury vapour to the system thus leaving
the hydrogen and tritium bromides. These gases were
then passed over heated magnesium at 500°C to convert
the halides to hydrogen and tritium, which were then
transferred to a gas counter and the radioactivity of
the mixture measured. The guantity of tritium in the
beryllium can then be estimated.

In the extraction proceedure described it is con-
sidered essential that the tritium should be in the
same chemical form as the carrier, and it is useful
to consider whether this will be so in this case. The
tritium will be released from the beryllium in the atom~
ic or molecular state, and it can be assumed that its
Properties as regards chemical reaction will not differ
grossly from fhose of hydrogen. The equilibrium con-

stant for the reaction

H Br

at 256°C is of the order of 109, and from the known heat
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of reaction H at 25°, it can be computed, assuming H

constant, that at 600°C the value is 10®°. Thus even at

high temperatures the reaction favours the formation

of hydrogen bromide in the presence of bromine vapour.

During the course of the extraction the system favours

conversion of tritium to tritium bromide. When the

excess of bromine is finally removed by mercury there

is the possibility that this will also attack the hydro-

gen and tritium bromides. Should this occur however

the condition that the tritium should be in the same

chemical form as the carrier will still be maintained.

VI. 2., Preparation of Pure Dry Hydrogen Bromide.
Hydrogen bromide was prepared by the bromination

of tetrahydronaphthalene (tetralin), the apparatus

being shown in figure 24. A stream of dry Né was passed

through the tetralin in flask A with taps T and T8

5,6,7,
open and allowed to bubble out through mercury in the
beaker G, in order to displace air from the apparatus.
The reservoir R was then cooled in liquid nitrogen,
and bromine was allowed to drip into flask A from the
separating funnel via tap Tg. The hydrogen bromide
produced was passed through the trap B which contained
tetralin to remove any bromine carried over with the
gas stream. 'Affer passing through the phosphorus

pentoxide tube P1 to remove water, the hydrogen bromide

was condensed in the reservoir R. Vhen sufficient



HFIGURE 24.

Apparatus for the preparation of pure dry hydrogen bromide,
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hydrogen bromide had been condensed the stream of
nitrogen was cut off and taps T7,8,9’ were closed.
The solid hydrogen bromide was then allowed to warm
up to allow gaseous hydrogen bromide to bubble out of
the mercury in G, this being observed by the white
fumes produced on contact with air, to displace excess
nitrogen. The hydrogen bromide was again frozen in R,
T5 being closed to prevent mercury sucking back from
the reservoir G.

The reservoir S was then pumped out to a hard vac-
uum via the tap Ti which was then closed. Hydrogen

bromide in R was again allowed to warm up with T. open-

5
ed and the delivery tube was placed under the sintered
glass disc. The hydrogen bromide after further drying
over phosphorus. pentoxide was thus bassed into the res-
ervoir S. When about 30 cms. bressure of hydrogen brom-
_ide had collected in S the stream was again stopped by
freezing R as before, and the gas in S was frozen down
in the side arm C by immersion in liquid nitrogen. The
system was then opened to the pumps via T1 to remove

any residual nitrogen. The tap ml was closed, the hydro-
gen bromide in C allowed to warm up and the collection

of hydrogen bromide was continued until it began to
bubble out of the manemeter M, when it was stopped. The

hydrogen bromide was again frozen down in the side arm C

and the system once again pumped out via Tl. The reservoir
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S was then sealed'by melting the glass at the con-
strictions D and H. The hydrogen bromide in C was
again allowed to warm up. There was thus collected
in C a quantity of pure dry hydrogen bromide.
Ti’2,5’4, are opened to the pumps until a hard
vacuum is ohtained the taps again being closed., The
steel ball in the side arm is lifted with a magnet and
allowed to fall on to the glass seal X which is broken
on impact, thus admitting the hydrogen bromide to.the
space behind T4. T5 was then opened, and by slowly
opening T4 a small quantity of hydrogen bromide could
be admitted to the bulb E whose volume was accurately
known. The pressure was then measured in the system
by means of manometer L, and then T5 was closed. Room
temperature was observed, and then T2 was opened to
admit the gas to the sample tube J which was immersed
in liquid nitrogen. The hydrogen bromide was thus
frozen down in the tube J, its vapour pressure being
negligible at this temperature of liquid nitrogen, amd
the tube could be sealed off at the constriction F.
A simllar sample tube could then be sealed on to the
apoaratus, and the filling brocess repeated. In this
way a 1arge.number of sample tubes containing accurately
known quantities of hydrogen bromide could be prepared.

VI. 3. Purification of Bromine.
For the initial experiments with this method of
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tritium estimation it was desirable that the bromine
be freed from impurities. Commercial liquid bromine
was used, the main impurities being water and hydrogen
bromide. The bromine was therefore mixed with calcium
oxide, to remove hydrogen bromide, and with magnesium
perchlorate, to remove water, in the flask A (figure 25).
The flask was frozen in liquid nitrogen and then opened
to the vacuum system via T5 and Ts, the trap E being
immersed in liquid nitrogen to trap out escaping vapour.
T5,6’ were then closed and the bromine allowed to liqui-~
fy. The system was then frozen again and the pumping
operation repeated. This process was repeated four or
five times in order to completely de-aerate the bromine,
after which the bromine was again frozen, and the flask
sealed off at the constriction C. After allowing the
bromine to warm up the flask was shaken vigourously

and allowed to stand for several hours, at the end of
which the flask was sealed to the remainder of the épp—
aratus at D,

Tl,2,5,4’ were opened and the system rigorously
evacuated through the high vacuum line. T1,2 were then
closed and the steel ball allowed to fall on to the glass
seal B which was thus broken. The tube G was then froz-~
en in liguid nitrogen and bromine after passing through
the tube F, where it was further dried over magnesium

perchlorate, was condensed in the tube G. \lhen approx-
imately



FIGURE 25,

Apparatus for the purification of bromine.
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1 cc. of bromine was collected in G the tap T5 was
closed and the sample tube sealed off at the constric~
tion H. A fresh sample tube could then be sealed on
to the system and the process repeated. 1In this way
1l cc. samples of purified bromine were obtained for the
subsequent analysis. The tube T was packed with potass-
ium hydroxide pellets to prevent access of bromine vap-
our to the pumping system, but it did not prove a very
‘efficient method, and bromine collected in the liquid
nitrogen trap of the diffusion pumps.

The first four sample tubes obtained as above were
analysed for impurity in the following manner. A sample
tube was opened td an evacuated tube containing mercury
vapour, and the bromiﬁe éombined with the mercury quant-
itatively. This evacuated tube was then opened to a
tube containing megnesium metal at 500°C, and, using
a Toepler pump, any gases in the tube were transferred
to a manometric system. Only in the first two of the
bromine sample tubes was any gas removed from the system,
and from this it was inferred that all other sample
bubes were sufficiently free of impurity for use in
the tritium extraction method. The first two sample
tubes probably contained some residual hydrogen bromide
not removed by the calcium oxide.

VI, 4. The Extraction of Tritium from Beryllium,

The apparatus, shown in figure 26, consists of a
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silica tube A fixed to the 'Pyrex' vacuum line through
a silica to 'Pyrex' seal B. Sealed on to the 'Pyrex'
system are two sample tubes, one containing about

3 x 1074

moles of hydrogen bromide, and the other 1 cc.
of liquid bromine. The semple tubes can be opened to
the system by breaking the glass seals Cl and 02 using
the steel balls Sl and 82. The beryllium sample is
contained in a wrapping of platinum gauze for the single
pieces, or in a platinum boat if in the form of turnings.
The function of the platinum cover is to prevent attack
on the silica by the beryllium when this is heated. An
early experiment showed that beryllium readily attacks
silica, presumably withdrawing oxygen, when heated.
Two small sealed soda-glass bulbs M containing mercury,
are also included in the tube at the position shown.

The reaction vessel is pumped out rigorously to
a hard vacuum via tap Tl, the tube being lightly heated
with a gas flame to drive out water. When a suitable
vacuum has been attained the sample tube 1s sealed off
at the constriction E. The glass seals G, and C, are
then broken, using the steel balls Sl and 82 which are
afterwards withdrawn into their respective side tubes
using an externai magnet.s Bromine and hydrogen bromide
are thus sdmitted to the reaction vessel. The beryllium

sample is then heated to redness and reaction occurs



FIGURE 26,

Reaction vessel for the extraction of tritium
ee—emmies 204 Lhe extraction of tritium

from beryllium.
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between the beryliium and bromine producing a voluminous
white deposit on the cool walls of the vessel. The
beryllium burns brightly in the bromine vapour, and
would no doubt continue until all of it were used, buat
the deposition of beryllium bromide Prevents ready acc-
ess of the combustion materials to one another. The
whole tube must by kept warm to prevent choking up with
beryllium bromide. The last traces of beryllium are
removed by strongly heating and causing the bromine
vapour to pass over and over the heated metal. This
flow can readily be achieved by first cooling one end
and then the other in a bath of liquid nitrogen. When
all the beryllium is used up the excess of bromine is
then removed in the following way. The two mercury
bulbs are heated until the break up, the hot mercury
released into the reaction vessel immediately reacts
with the bromine, a flame being observed to move along
the tube. At the end of reaction with mercury no char-
acteristic colour of bromine can be observed in the
vessel, |

In earlier experiments the final removal of excess
bromine was performed by heating a strip of metallic
copper in the system. This was quite effective as g
Scavanger, but was somewhat slow in practice, and had
-to be heated to quite a high temperature. The use of

copper also impaired the life of the reaction vessel
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since it left a coherent deposit on the walls which

coﬁld not be removed. The use of mercury removes
these difficulties.

The reaction vessels now contains tritium bromide
together with hydrogen bromide carrier. This mixture
must be converted to tritium and hydrogen for gas
counting, since the presence of halogen and halogen
acid in Geiger counters is undesirable.

VI. 5. Measurement of Tritium.

Figure 27 shows the complete apparatus for the
extraction and measurement of tritium in beryllium,
Reaction vessel A for the degradation of metallic bery-
llium and conversion of tritium to the breomide has been
described., The remainder of the system is concerned
with the conversion of the hydrogen and tritium brom-
ides to elemental hydrogen and tritium, and the trans-
fer of the gases to a Geiger counting system for measg-
urement,

The whole. apparatus is rigorously evacuated with
all taps open, with the eXception of T7 which opens
directly to the atmosphere. Tap Tg is closed and hy-
drogen from a cylinder, after passing through coconut
charcoal cooled in liguid nitrogen to remove impurities,
is péssed into the flask G via the mercury tight sint-
ered glass disc P. When filled to atmospheric pressure

tap T8 is closed and the excess hydrogen in the connecting



FIGURE 27,

Apparatus for the estimation of tritium in

beryllium.
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tube is pumped away. The hydrogen in G is required
for counter filling.

It is required that the volume of certain sections
of the apparatus be accurately known, and these volumes
are determined by the method of ges expansion using the
air pipette L. The volume of L has been accurately
determined from the weight of mercury required to f£ill
the space between TG and T7. The Toepler pumps F and

H are raised to the ball-valves B1 o9 and B and the
’

59
mercury tight sintered glass disc R. The taps T5,6,9’
and TlO are closed. Tap T7 is opened to admit a sample
ef air into L, the atmospheric pressure being observed
and.T7 is closed. T6 is then opened to admit the sample
of air to the volume space defined by T7, Bg, T5, Tg,
T0» @nd By and the surface of the mercury of the man-
ometer Ml' The difference in level of the mercury in
the manometer Mi is observed using a cathetometer.

After correction for the volume of L, the tap key TG’
and the volume of displaced mercury in Ml’ the volume
defined by Ts, o9 Ts, Tg, TIO’ and 35 can be deter-
mined., Tap Tlo is then opened to admit the air aample
up to Tll‘ The pressure is again noted, and after corr-
ection for the second manometer Mg, the increased vol-
ume can be determined. Continuing in this way, and

making appropriate corrections for the volume of tap

keys etc., the volume of each section of the gpparatus
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can be determined. The main volumes of interest are

(1) that defined by By, Ty, Tgs» Tgs T, and By
now referred to as Vé.

(2) that defined by R, Ty7s Tyg, and the Geiger
counter K, now referred to as Vb.

(3) the cathode volume of the Geiger counter,
this being determined by measurcement of the
diameter and length of the cathode and sub-
sequent calculation of the volume of.the
cylinder. This volume will now be referred
to as V&,

The electric heater of the magnesium furnace is
switched on, and the magnesium baked at 500°C for an
hour, the system being opened to the bumps via taps T2
and T4. The furnace consists of a brass tube covered
in asbestos baper, around which is wound a layer of
'Nichrome' resistance tape. The whole is then covered
with twWwo or three layers of asbestos Paper. 250v A,C.
mains are used to supply the heater current which is
controlled by means of a potentiometer. The temperature
is measured by means of a calibrated thermocouple. This
furnace surrounds a'length of 'Pyrex' tube packed with
magnesium turnings (Grignard reagent quality). After
baking for one hour the tap T4 was closed, and the U~

tube N immersed in liguid nitrogen. Taps'l‘5 is opened
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and the mercury in the Toepler pump:F lowered. The
taps TG’ T5, Tg, TlO should be closed and the mercury
in the Toepler pump H raised to the ball B5 and the
sintered glass disc R.

The glass seal C5 is then broken using the steel
ball 85’ the hydrogen and tritium bromides in A thus
being allowed to pass over the heated magnesium. The
Toepler pump is used to transfer the gases into the
section Va’ the solenoid operated ventil Vi prevent-
ing return of the collected gases, Some ten to fifteen
operations of the pump F are required to quantitatively
transfer the gas from A to Va. The purpose of the trap
N is to remove unconverted bromides from the tritium
and hydrogen for recycling over the heated magnesium,
This could be performed by closing TS’ removing the
liquid nitrogen aroundN, and cooling with liquid nitro-
gen some part of the reaction vessel A to bring the
bromides back over the heated magnesium. The proceed-~
ure above could then be repeated.. In practice this was
found to be unneccessary, the bromides being completely
converted to hydrogen and tritium after one passage
of the gases through the heated magnesium,

The guantity of hydrogen and tritium collected in

the volume__Va can now be determined. The pressure in

the system is measured using the manometer Ml, and the
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temperature observed. After correction of the volume
Vﬁ for the increase due to movement of the mercury in
Mi, the yield of hydrogen can be obtained, and is com-
bared with the quantity of hydrogen bromide used in
the sample tube. This provides a check on the correct
working of the extraction system. The Geiger counter
is then filled.

The bulb I contains absolute alcohol which was
distilled into the bulb after a short treatment with
Calcium metal to remove traces af water, present in
the alcohol. The alcohol is confined by the mercury
in the U~tube Js in order to indicate the ball-valves
Bs, and B4 in the diagram the mercury is shown half
way down the U-tube, but in actual practice it is push-
ed right up to the.ball-valves, particularly during the
calibration operation. The alcohol is frozen in liguid
nitrogen after which the mercury in J is lowered below
cut-off. The taps '1‘11, T15’ and T14 are opened, and
the buld I is warmed until a 2 cm pressure of alcohol
is registered on the manometer M2 Tll is then closed,
and I again frozen to condense the alcohol between Tl
and Tll’ the mercury in J being raised to the ball-
valves B5 and B4.

From the known volumes of Va and Vﬁ the pressure
of hydrogen reduired in Vé to give an 8 cm. partial
bressure of hydrogen in Vb_is calculated, ie.,
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P 8V5
a
a

With the system used Pa is greater than that recovered
from the hydrogen bromide, The mercury in the Toepler
bpump H is then lowered slowly, and when the level of
mercury is about l*5cm abéve the ventil Vé the steel
ball is pulled down with an external magnet to close
the ventil, thus preventing alcohol escaping from Vi.
H is fully lowered and then raised again to R, This
is repeatea several times uﬂtil the tritiateqd hydrogen
in Va is transferred to Vb. Tap T8 is opened to admit
hydrogen from the storage buldb G to the space behind
Tg, TB being then closed. With the Toepler bump H
raised to R ang BS’ the tap Tg 1s opened slowly to ad-
mit a pressure of hydrogen into Va, this bressure, to-
gether with that of the tritigted hydrogen transferred
to Vb, should be equal to Pa‘ The gas measured out is
then transferred to Vt using the pump H gs before.

It is desirable, befopre counting, to thoroughly
mix the hydrogen and alcohol in the counter system,
The alcohol is added as a quenching agent for the
Geiger discharge. The gas mixture is then thoroughly
mixed by expanding into the Toepler pump bulb ®) sev-
eral times, Finally the mercury in the Toepler pump:

is raised to the sintered glass disc R, and the taps

Tl3 and Tl4 are closed. The tritium activity may then
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be observed.

The current DPractice in gas counting is to assume
that all disintegrations occurring in the cathode vol-
ume are recorded. When this is assumed, the observed
activity A after correction for counter baralysis
time ang background is converted to the total activity
of the tritiated hydrogen by multiplying by the ratio
v, to V_ The total tritium content/gram of beryllium
is then given by,

Ab Vb

V. M

R
7\t c

t

5

Where Nt is the number of tritium atoms/gram of bery-
llium, M the mass of beryllium used, xt the disintegrat-
ion constant of tritium (1+0s8 x 10 “"mins™1), ang A

the aobserved activity corrected for paralysis time and
background. The quantities Vb and Vé have already been
defined,
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